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CHEMICAL CHANGES IN THE BLOOD AND THEIR CLINICAL 
SIGNIFICANCE 


VICTOR C. MYERS anp EDWARD MUNTWYLER 


Department of Biochemistry, School of Medicine, Western Reserve U niversily 


In the fifteen years which have elapsed since the first review under 
the above title was written, an enormous number of publications have 
appeared which fall under the scope of this title. The space allotted 
to bring this review (Myers, 1924) up to date permits only a brief sum- 
mary of a few of the most outstanding contributions since 1924 which 
have found practical application in clinical work. In general the plan 
of the first review will be followed, comment being made on the basis 
of new observations or a new point of view. 

Whereas the larger number of blood analyses were originally carried 
out on whole blood, partly because it was moxe economical from the 
standpoint of amount of blood employed and partly because of simplic- 
ity, and also historical precedent, there has been a growing realization 
that the analysis of plasma or serum furnished more reliable informa- 
tion. It soon became quite obvious that the determination of such 
mineral constituents as calcium, chlorides and inorganic phosphorus 
required the use of serum (or plasma), while that of pH and CO: con- 
tent required serum or plasma under oil, but this was not so evident 
in the case of some of the organic constituents which are fairly evenly 
distributed between cells and plasma. In the case of the very diffus- 
ible urea it would not seem to make much difference whether whole 
blood, serum or plasma was used, but with such organic constituents 
as sugar, creatinine and uric acid, difficulties in the use of whole blood 
have gradually come to be appreciated. In the case of sugar, the non- 
sugar reducing substances are present chiefly in the cells. Hunter and 
Campbell (1917) early recognized the interference of something present 
in the cells in the estimation of creatinine, while quite recently Jacob- 
son (1938) has pointed to definite advantages in the use of plasma or 
serum for uric acid estimations. This indicates that whereas whole 

1 











2 VICTOR C. MYERS AND EDWARD MUNTWYLER 


blood may still be used for certain of these determinations, the limita- 
tions in its use should be appreciated. No doubt Folin (1930) had some 
of these facts in mind in introducing his method of so-called unlaked 
blood analysis, but this method of separating the cells has apparently 
fallen far short of what Folin had in mind. 

In his earliest work on chemical blood analysis Folin introduced the 
method of recording results in milligrams per 100 ec. of blood, which 
was soon adopted for most of the determinations. This percentage 
relationship is probably adequate for most of the organic constituents, 
but falls short of supplying the most useful information for the inor- 
ganic constituents, where equilibrium relationships with each other 
and other body fluids need to be studied. For this purpose recording 
values in terms of milliequivalents is particularly helpful, and further- 
more variations from normal may be just as readily appreciated as when 
given in milligrams per 100 cc. (Cf. Peters, 1934; Talbott, 1939). 

BLoop voLuME. The dye method of measuring blood volume has 
recently been reinvestigated with the aid of the colloidal blue dye, 
T-1824 (Gregersen, Gibson and Stead, 1935), originally described by 
Dawson, Evans and Whipple (1920). Clinical studies have been made 
in congestive heart failure by Gibson and Evans (1937), who observed 
that the change from the compensated to the decompensated state 
was accompanied by a progressive increase in the volume of plasma 
and red cells. This increase is shared to a slightly less extent by the 
plasma than by the corpuscles, resulting in a slight concentration of 
the blood. In artificial fever Gibson and Kopp (1938) noted a consid- 
erable loss of plasma volume in cases where fluid was not given and 
state that for each individual there is a definite limit beyond which 
further loss of fluid from the blood stream cannot be tolerated. In 25 
cases of hyperthyroidism Gibson and Harris (1939) found the total 
blood volume increased above normal on an average of 5.45 per cent, 
while in 7 cases of myxedema it was 15.5 per cent below normal. Ac- 
cording to Gibson (1939) pernicious anemia is characterized by a hy- 
dremic hypovolemia in the severe stages. In a group of 10 cases the 
average plasma volume was 30 per cent above, circulating red blood 
cell volume 68 per cent below, total blood volume 14 per cent below, 
and total hemoglobin 70 per cent below normal, at a red blood cell level 
of 1.5 million. 

BLoop ProTeINS. Hemoglobin. The introduction by Van Slyke of 
an accurate gasometric method of determining the oxygen capacity of 
blood has made available not only an accurate direct method of es- 
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timating the hemoglobin, but has also provided a reasonably simple 
method of checking the standards employed in colorimetric methods. 
This has resulted in the accumulation of a large amount of data on the 
hemoglobin concentration of human blood in all parts of the world. 
The literature has been reviewed by Myers and Eddy (1939) with the 
presentation of some of their own data on normal subjects. It would 
appear that normal adults in good nutrition, not residing at excessive 
altitudes above sea level, show essentially the same concentrations of 
hemoglobin in the blood, without difference due to race or geographic 
location. The only difference is that due to sex which has long been 
recognized. The mean of the hemoglobin values reported for strictly 
normal individuals is 15.8 grams for the male, 13.8 grams for the female 
and 12.0 grams for children, per 100 ec. of blood. 

Serum proteins. At the time the previous review was written the 
larger number of serum protein analyses in the literature had been 
carried out with the aid of the refractometer, and the discussion was 
based largely on these analyses. Rowe (1917) in particular had ex- 
tensively employed the refractometric method of Robertson. Further 
study would indicate that the results obtained with this method were 
too high, particularly in the albumin fraction, thus leading to relatively 
high albumin-globulin ratios and somewhat different interpretation of 
findings. At the present time the method of Howe (1921) is widely 
used for the determination of the serum proteins and when certain pre- 
cautions are exercised (Robinson, Price and Hogden, 1937) the values 
are highly reproducible. The total serum protein of normal individuals 
generally falls in the range of 6.0 to 8.0 grams per 100 cc. (Fahr and 
Swanson, 1926; Linder, Lundsgaard, and Van Slyke, 1924; Salvesen, 
1926; Wiener and Wiener, 1930; Bruckman, D’Esopo and Peters, 1930; 
Moore and Van Slyke, 1930; Muntwyler, Way, Binns, and Myers, 
1933), with occasional values as low as 5.6 and as high as 8.4. The 
range of albumin appears to be from 3.6 to 5.4 grams per 100 ec.; how- 
ever, values as low as 3.4 and as high as 5.6 may be encountered. 
The range for globulin is 1.5 to 3.4 grams per 100 cc.; however, occa- 
sionally the extreme values of 1.35 and 3.55 may be obtained. From 
the values reported in the literature the range for the albumin-globulin 
ratio may be given as 1.2 to 2.6. It appears (Bruckman, D’Esopo, 
and Peters, 1930) that in females the total protein is somewhat higher 
than in males, due probably to a higher globulin content. 

In recent years considerable attention and significance h-s been given 
to the serum colloid osmotic pressure (and serum protein concentra- 
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tion) in studies dealing with the fluid exchange across the capillary 
membrane and the pathogenesis of various types of edema. The im- 
portance of the osmotic pressure of the plasma colloids for fluid exchange 
in the organism was pointed out by Starling over 40 years ago (see 
review by Landis, 1934). Epstein (1917) noted that the edema of cases 
which he originally termed “chronic parenchymatous nephritis,’ was 
associated with a deficit of plasma protein. He was the first to apply 
Starling’s theory clinically and suggested that the lowered protein 
concentration reduces the colloid osmotic pressure of the blood which 
in turn favors a retention of fluid by the tissues. The results of nu- 
merous experimental and clinical studies have amply supported this 
view and it is now generally accepted that when the serum protein 
falls below a certain level the tendency to clinical edema increases. 
Aside from occasional exceptions there is a fairly direct relation be- 
tween the level of the serum colloid osmotic pressure and the total 
serum protein concentration. This follows from the fact that serum 
protein deficits are chiefly deficits of albumin and, further, the albumin 
exerts considerably more osmotic pressure than the globulin (Govaerts, 
1925; Von Farkas, 1926). The following empirical relations between 
the serum protein and serum colloid osmotic pressure have been sug- 
gested: 

P = C(21.4 + 5.9A) (Wells, Youmans and Miller, 1933) 
where P is the colloid osmotic pressure in millimeters of water, C is the 
total protein concentration and A is the albumin concentration in 
grams per 100 cc. and, 

P = 60.9A + 22.9G — 50 (Wies and Peters, 1937) 

where P also expresses the colloid osmotic pressure in millimeters of 
water, while A and G represent albumin and globulin in terms of gram 
per 100 grams serum water. 

The relationship between the level of the serum protein and the 
presence or absence of renal edema was considered by Moore and Van 
Slyke (1930). In the 75 patients they examined including hemorrhagic, 
degenerative and arteriosclerotic types of renal disease (cases without 
cardiac involvement) it was found that when the total protein fell 
below the lower limit of the range 5.5 + 0.3 per cent, or the albumin 
below 2.5 + 0.2 per cent, edema was usually present. Similar obser- 
vations have subsequently been made by others and whereas the “crit- 
ical’ protein levels differ slightly those given above are now generally 
accepted. Of course it must be appreciated that such a relationship 
cannot be taken as an absolute rule. It is recognized that altered 
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capillary permeability to protein, sodium chloride administration, 
increased capillary pressure and other factors may complicate the simple 
relations. 

Serum protein deficits are encountered clinically more often than 
hyperproteinemia. The estimation of serum proteins in the various 
forms of renal disease is of considerable value. In the non-hemorrhagic 
degenerative Bright’s disease or nephrosis the serum protein is decreased 
markedly and this is due almost entirely to a deficit of albumin (Fahr 
and Swanson, 1926; Linder, Lundsgaard and Van Slyke, 1924; Epstein, 
1917; Peters, Bruckman, Eisenman, Hald and Wakeman, 1931; Van 
Slyke et al., 1930; Salvesen and Linder, 1923). The tendency toward 
edema formation in nephrosis is closely related to the serum protein 
(albumin) concentration and hence its determination is very important 
clinically. In acute glomerular nephritis the plasma protein concen- 
tration may remain within normal limits throughout the illness if it 
runs a mild course (Van Slyke et al., 1930; Peters, Bruckman, Eisen- 
man, Hald and Wakeman, 1932a). Such cases may be accompanied 
by a rather marked edema despite the fact that the serum protein 
is within the normal range. This type of case is an outstanding ex- 
ample of the lack of relationship between the serum protein level and 
the tendency toward edema and one must assume that additional fac- 
tors participitate in the acute stage (Wiener and Wiener, 1930; Moore 
and Van Slyke, 1930; Muntwyler, Way, Binns and Myers, 1933; 
Peters, Bruckman, Eisenman, Hald and Wakeman, 1932a). In the 
more severe cases and as the condition is prolonged considerable pro- 
tein deficits may be encountered (Fahr and Swanson, 1926; Van Slyke 
et al., 1930; Peters, Bruckman, Eisenman, Hald and Wakeman, 1932a). 
In the terminal glomerular nephritis the proteins are usually at a lower 
normal value; however, not infrequently the values are somewhat 
below normal (Van Slyke et al., 1930; Peters, Bruckman, Eisenman, 
Hald and Wakeman, 1932b). In the axteriosclerotic Bright’s disease 
the serum proteins are generally within normal limits. Lowering of the 
serum protein which is chiefly at the expense of the albumin fraction is 
found in patients showing evidence of malnutrition (Bruckman, D’ Esopo 
and Peters, 1930; Bruckman and Peters, 1930; Weech and Ling, 1931) 
in heart failure (Payne and Peters, 1932) and in cirrhosis of the liver 
(Myers and Keefer, 1935; Butt, Snell and Keys, 1939). In the latter 
disease the globulin fraction tends to be increased so that the total pro- 
tein level may not be disturbed; however, the albumin-globulin ratio 
is markedly decreased. In hepatic disease it has been reported (Butt, 
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Snell and Keys, 1939) that there is no constant relationship between the 
serum protein or serum colloid osmotic pressure and the presence or 
absence of edema. 

Recent literature indicates that hyperproteinemia may not be such 
a rare occurrence as was once believed. In Kala-azar Wu (1922) 
noted that the total serum proteins may be increased to 9 or 10 per cent 
as a result of a rise in the globulin content, the albumin on the other 
hand being definitely reduced. A similar disturbance of the serum pro- 
tein and the albumin and globulin fractions appears to be encountered 
in multiple myeloma (Foord, 1934-35; Feller and Fowler, 1938; Gut- 
man and Gutman, 1937) and in lymphogranuloma inguinale (Gutman 
and Gutman, 1937). Severe dehydration is accompanied by an ele- 
vated serum protein concentration. 

NON-PROTEIN NITROGENOUS CONSTITUENTS. Non-protein and urea 
nitrogen. Although the non-protein or urea nitrogen are proably still 
regarded as furnishing more information of diagnostic or prognostic im- 
port so far as the kidneys are concerned than any other single deter- 
mination, it is recognized that elevated values may be attributed to 
other causes. That is, non-protein nitrogen retention is experienced 
not only from impairment in renal function or urinary obstruction but 
is encountered, for example, in instances of excessive tissue protein 
catabolism and dehydration. Such disturbances must be borne in 
mind in evaluating the renal significance of elevated non-protein nitro- 
gen values. 

Since urea is the main end product of nitrogenous metabolism, and 
its excretion one of the kidneys’ chief functions, it seems most logical 
that the kidneys’ ability to remove it from the blood should constitute 
a reliable index of renal function. Twenty-five years ago Ambard 
tried to demonstrate that more information regarding renal function 
should be obtainable from data on the urea concentration of the blood, 
and the amount of urea excreted in the urine, than from either of these 
factors alone. Although an enormous amount of work was done by 
Ambard, McLean, Addis and their co-workers, it remained for Van Slyke 
and his associates to work out an applicable mathematical formula, 
accurately covering the physiological factors involved, viz., the blood 
urea concentration and urea excretion in the urine. From their studies 
Moller, McIntosh and Van Slyke (1928) concluded that the simplest 
and most satisfactory way to express the relationship between these 
two factors was by means of the “blood urea clearance” by which 
term they indicated the cubic centimeters of blood per minute cleared of 
urea by renal excretion. Two formulae were employed, the “standard 
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blood urea clearance,’ and the “maximum blood urea clearance,” the 
latter being used only when the volume of urine excreted exceeded 
2 cc. per minute. In comparing the blood urea clearance test, with the 
blood urea and blood creatinine content alone, and the phenosulfone- 
phthalein test, Van Slyke, McIntosh, Méller, Hannon and Johnston 
(1930) found that the blood urea clearance usually fell below 50 per cent 
of its normal value before any of the other 3 values showed any ab- 
normality. It was only after the blood urea clearance indicated less 
than 20 per cent of normal renal function that all values for blood urea 
and creatinine content, and for phenolsulfonephthalein excretion, were 
found outside the limits of normal variation. From an extensive study 
of clinical cases Van Slyke et al. (1930a) concluded that in hemorrhagic 
and degenerative nephritis one may interpret the blood urea clearance 
as a measure of the proportion of glomerular tissue still functioning 
while in arteriosclerotic nephritis the fall in blood urea clearance is pro- 
portional probably to the decrease in renal blood flow rather than to 
the glomerular destruction. The standing which the Van Slyke blood 
urea clearance test has achieved as a test of renal function is indicated 
by the fact that it is now quite generally employed as the test of refer- 
ence. 

In 1917 Mosenthal and Hiller suggested the ratio of the urea to the . 
non-protein nitrogen of the blood as an index of the amount of effectively 
functioning renal tissue, irrespective of the blood urea. Although 
Killian (1921) effectively employed this ratio to differentiate between 
the nephritic and non-nephritic toxemias of pregnancy, the test was 
apparently forgotten until quite recently. Mosenthal and Bruger 
(1935) have run a large series of determinations on normal and nephritic 
patients and compared their findings with the Van Slyke blood urea 
clearance test. They have found that in general the urea ratio rises 
as the urea clearance values fall. Although the results of the two tests 
were usually found to be in agreement, they did not entirely parallel 
each other. However, the discrepancies between the two tests were so 
slight as to make it certain that if one test is of value the other must 
be satisfactory. Probably the greatest advantage of the test is that 
it can be carried out on one specimen of blood, and does not require 
prolonged observation of the patient or collection of urine. 

Uric acid. The uric acid of the blood has continued to receive atten- 
tion particularly in connection with gout, a rather unexpected finding 
being the relatively higher and more uniform values for uric acid noted 
by Talbott, Coombs and their co-workers in serum than in whole blood. 

In the most serious modern attempt, up to the time, to elucidate the 
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pathology of uric acid in gout, Folin, Berglund and Derick (1924) found 
the uric acid content of whole blood to vary in 9 cases from 5.6 to 10.7 
mgm. per 100 cc. They concluded that the unique and characteristic 
high levels of uric acid in normal human blood are due to a lack of 
responsiveness on the part of the human kidney, and that this is ex- 
aggerated in gout and is the main or only reason why the gouty carry 
abnormally high levels of circulating uric acid. They observed, further, 
that the uric acid-destroying process in the gouty is intrinsically about 
the same as in normal persons, but is subject to wider variations and 
that the high levels of circulating uric acid in the gouty automatically 
result in more extensive destruction and, therefore, in diminished excre- 
tion (unless the power of destruction is very small). In an effort to 
obtain a basis for the early differential diagnosis of gout, Hench, van 
Zant and Nomland (1928) made a clinical comparison of 100 cases each 
of gout, rheumatic fever and infectious arthritis. The criteria employed 
for an indisputable diagnosis of gout were, a history of joint disease 
together with a blood uric acid of 5 mgm. or more for each 100 ce., or 
tophi, or both. They point out that the three signs which are con- 
sidered the principal diagnostic points, viz., chronic hyperuricemia, 
tophi, and punched out areas, are indefinite as to time of appearance 
but usually appear late. In other words, there need not be a very 
definite elevation of the blood uric acid in the early stages of the disease. 
They further observed that renal lesions are highly predominant in 
association with the arthritis of gout and conclude that the chronic 
arthritis associated with nephritis is the arthritis of gout until proved 
otherwise. 

The recent investigations of Talbott, Jacobson and their co-workers 
have given us a new point of view. Their studies indicate that more 
reliable information regarding blood uric acid may be obtained from 
serum separated under oil, and that the disturbed metabolism is prob- 
ably not confined to uric acid alone. In a detailed study of two patients 
during several attacks of acute gout, Talbott, Jacobson and Oberg 
(1935) observed the following changes in water and salt metabolism: 
1, a diuresis before any clinical or subjective evidence of gout was 
manifest, and 2, a negative sodium and chloride balance accompanying 
this diuresis, followed by an increased excretion of potassium, calcium, 
ammonia, titrable acid, phosphate and urate. 

Employing serum separated under oil Jacobson (1938) found the 
fasting uric acid in 100 non-gouty individuals on a mixed diet to range 
from 1.9 to 6.7 mgm. per 100 cc., with a mean of 4.2 mgm. In 97 in- 
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dividuals the serum uric acid was less than 6.0 mgm. In 177 analyses 
on 21 cases of gout the serum uric acid ranged from 5.2 to 14.8 mgm.., 
98 per cent of the values exceeding 6.0 mgm. and 94 per cent 7.0. Some 
evidence of correlation between the onset of an attack, the severity of 
the disease and the level of serum uric acid was presented. ‘Talbott 
and Coombs (1938) made a functional study of 24 cases of gout. The 
serum uric acid values ranged from 5.7 to 14.2 mgm. per 100 cc., the 
average minimum values being well over 7.0 mgm. They interpreted 
the increased concentration of uric acid as due to increased formation 
rather than diminished excretion or destruction. In another study 
Talbott and Coombs (1938b) examined the serum of 68 non-affected 
members of families of 16 gouty patients and found that 14 (slightly 
over 20 per cent) showed concentrations of uric acid greater than 6.0 
mgm. They are of the opinion that these findings supported the hy- 
pothesis that gout is a familial disease and that one manifestation of 
it, i.e., an elevation of the serum uric acid, may be subject to hereditary 
transmission. 

In some cases of scarlet fever Voigt and Schiilke (1934) have observed 
blood uric acid figures as high as 20 to 25 mgm. per 100 cc. during the 
12 to 24th day of the disease. Voigt (1933) has likewise noted very 
high figures in nephritis complicated with pneumonia. 

Several investigators have objected to the statement originally made 
by Myers, Fine and Lough (1916) that uric acid was apparently the 
first of the three waste products, uric acid, urea and creatinine, to become 
elevated in the blood in renal disease. Johnston (1931) in particular 
has questioned this conclusion. Bruger and Mosenthal (1932) have 
carefully reinvestigated this question and state: “In the majority of 
cases of Bright’s disease the uric acid is the first substance in the blood 
to be augmented with increased impairment of renal function.”’ 

Creatinine. Behre and Benedict in 1922 presented evidence to show 
that creatinine does not exist in normal blood. The facts upon which 
they made this deduction were: 1, that creatinine can be removed from 
blood by bone black, but bone black does not affect the chromogenic 
substance present in blood filtrates, which react with picric acid and 
sodium hydroxide; 2, that a substance present in picric acid blood 
filtrates gives a good reaction with sodium carbonate, and this reaction 
is increased in bloods showing an abnormally high “creatinine” content, 
whereas pure creatinine in picric acid is only slightly affected by car- 
bonates; 3, that creatinine is readily destroyed by heating in alkaline 
solution, but the chromogenic substance present in blood is not ap- 
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preciably affected; 4, that kaolin completely removes small amounts of 
creatinine from blood, but does not affect the picric acid-alkali reacting 
substance. Their observations were confirmed, and two additional 
observations support this view: 1, Benedict and Behre (1936) found 
that the color obtained on blood filtrates and diluted serum ultrafiltrates 
with 3,5-dinitrobenzoate differs from that of creatinine, and 2, the 
apparent creatinine of normal dog serum ultrafiltrates (Gaebler, 1937) 
and plasma filtrates of human and other species (Behre and Benedict, 
1937) fail to precipitate under conditions which precipitate added 
creatinine. Shortly after the appearance of Behre and Benedict’s 
original paper, Folin (1922) stated in these Reviews: ‘In view of the 
many still active investigators who in the past have made contributions 
to the creatine-creatinine problem one can safely predict vnat the find- 
ings and conclusions of Behre and Benedict will not long remain without 
contradiction or verification.”’ 

Quite as Folin prophesied the observations and interpretations of 
Behre and Benedict have led to a bitter controversy which has not yet 
ended. There is no question about the presence of creatinine in urine. 
It would appear therefore that the kidney must 1, either separate and 
concentrate creatinine present in the blood, or 2, form creatinine from 
a closely related precursor compound present in the blood and then 
excrete it. If the observations of Behre and Benedict are correct the 
latter would serve to explain the discrepancies. The opponents of 
Behre and Benedict, however, feel that this explanation is unnecessary. 
Hayman, Johnston and Bender (1935) found that when trichloroacetic 
acid (rather than picric acid) was employed as the protein precipitant 
on serum or plasma, the filtrate differed little in its reactions from pure 
creatinine. Danielson (1936) came to much the same conclusion from 
a study of plasma ultrafiltrates. With the aid of a specific bacterial 
enzyme, Miller and Dubos (1937) have approached the problem in a 
different way and conclude that in normal individuals creatinine con- 
stitutes 80 to 100 per cent of the chromogenic material in serum or 
plasma. 

Gaebler in particular has made important contributions to a solution 
of this problem. With Keltch (1928) and independently (1930) he 
demonstrated that creatinine could be isolated from normal blood, and 
in quantity from retention blood. The creatinine thus isolated was 
definitely identified chemically. Although originally opposing Behre 
and Benedict he later agreed (1930) that creatinine as such was not 
present in detectable amounts in normal blood. Quite recently Gaebler 
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(1937) and Gaebler and Abbott (1938) have shown that most of the 
apparent creatinine of ultrafiltrates of normal blood can be precipitated 
with picric acid and rubidium. Goudsmit (1936) has compared the 
apparent creatinine content of renal venous blood and of arterial blood, 
and found the former consistently lower, thus definitely indicating that 
the apparent creatinine of the blood is the precursor substance of urinary 
creatinine. 

It is evident therefore that the apparent creatinine of blood, whether 
creatinine itself or a precursor, can be converted in the test tube, in 
considerable part at least, to creatinine and can be so converted by the 
kidney. Consequently the apparent creatinine of blood, if not creat- 
inine, has the same significance in blood as creatinine. 

In connection with the prognostic significance of high blood creatinine 
it is of interest that Miller and Dubos (1937) have observed that in 
plasma from uremic patients there may be large amounts of non-creat- 
inine, chromogenic material, which in several patients seemed to parallel 
the severity of symptoms of the uremic toxemia. 

A number of workers have stated or implied that the retention of 
creatinine went hand in hand with urea, and therefore the prognostic 
value of an elevated creatinine was no greater than that of urea or 
non-protein nitrogen. Bruger and Mosenthal (1932) state in this 
connection: ‘It has been appreciated for a long time that creatinine 
rises in the blood only when renal function becomes markedly impaired 
(Myers and Lough, 1915). Our results show that normal creatinine 
values may be found in the blood with as much as 85 per cent of the 
kidney function lost, as measured by the urea clearance test. When 
the urea clearance has fallen to about 5 per cent of normal and uremia 
is impending, the creatinine begins to mount in the blood.” 

Guanidines. The possible clinical importance of guanidines in the 
blood has attracted renewed interest since the introduction of a colori- 
metric method for their estimation in the blood by Major and Weber 
in 1927. For this purpose they greatly improved the color reagent 
for guanidines described by Marston (1925). Although guanidine 
compounds have not been isolated from blood, the utilization of this 
color reaction has given results which are strongly suggestive of the 
presence of guanidines, probably methyl guanidine. 

In their first papers Major and Weber (1927) described an increase 
in the “guanidine”’ content of the blood of certain patients with arterial 
hypertension. Major (1938) has continued this study and states: “It 
is of some interest to note that the percentage of increased ‘guanidine’ 
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values for the hypertensive patients in this series of 800 patients is 
approximately the same as that obtained a number of years ago for a 
smaller group.” Pfiffner and Myers (1930) found a small increase in 
guanidine values in a small series of hypertensive cases with slight or no 
nitrogen retention. In a series of 49 cases with nitrogen retention 
Andes, Linegar and Myers (1937) found an increase in guanidines up to 
ten times the normal, but this appeared to follow the degree of azotemia 
rather than the hypertension. In a series of 11 cases of hypertension 
without nitrogen retention the same workers found the blood guanidine 
scarcely above normal limits. 

In 1928 Minot and Cutler presented data which showed that the 
symptoms of chloroform and carbon tetrachloride poisoning closely 
resemble those of guanidine poisoning. They noted especially a central 
necrosis of the liver, and an increase in the blood guanidine. Calcium 
therapy was found to relieve the symptoms of poisoning and to lower 
the blood guanidine. Later they (1929) noted an increased guanidine 
in some cases of liver disease and eclampsia. Further evidence in 
support of these general findings was presented (Cutler, 1931; Minot 
and Dodd, 1932). Andes, Andes and Myers (1937) noted increased 
guanidine values in severe toxemias of pregnancy. Furthermore, the 
hyperguanidinemia was found to continue as long as the toxic condition 
existed. Patients in eclamptic convulsions always showed markedly 
increased guanidine values. In this connection it is of interest that 
Ellis, Neal and Frazer (1931) found high guanidine values in epileptics, 
the highest values being near the end of the seizures. 

Suaar. As far back as the time of Claude Bernard discussion arose 
as to the reliability of copper reduction in the determination of blood 
sugar. With the advent of our modern blood sugar methods, e.g., 
Bang, Lewis-Benedict, Folin-Wu, the question was again raised as to 
what percentage of the value obtained was glucose. In 1925 Benedict 
attempted to prepare a reagent which would be more specific for glucose 
and described a copper reagent which, when applied to the Folin-Wu 
tungstic acid filtrate, gave results definitely lower than those obtained 
by the Folin-Wu method. Almost simultaneously with the publication 
of Benedict’s copper method, Hiller, Linder and Van Slyke (1925) 
made an important contribution by showing that the residue of reducing 
substances after yeast fermentation amounted to 10 to 30 mgm. per 
cent in terms of glucose. The use of yeast in the determination of 
the non-sugar reducing substances in blood has been employed to 
advantage by Folin and Svedberg, Somogyi, and Benedict. Folin 
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and Svedberg (1926) found that with the new Folin method the non- 
fermentable reducing substances amounted to 5 or 6 mgm., whereas 
with the Folin-Wu method it was larger, about 22 mgm. Somogyi 
and Kramer (1928) found that the reducing non-sugar, as determined 
by the Shaffer-Hartmann method, amounted to about 22 mgm., and 
that the determination of the true sugar by three different methods 
yielded essentially identical values. Somogyi (1928) further observed 
that more than 75 per cent of the non-sugar reducing substances was 
in the cells, the average value on 36 bloods being 8 mgm. for the serum 
and 40 mgm. for the corpuscles. Apparently feeling that his first copper 
reagent fell just short of measuring the true glucose content of the 
blood, Benedict (1928) elaborated another copper reagent which ap- 
parently gives the true glucose content of the blood when applied to 
the tungstic acid or tungstomolybdic acid blood filtrate. As a result 
of observations made with this new reagent and of fermentation ex- 
periments Benedict demonstrated that the Folin-Wu technique gave 
figures for blood sugar which averaged about 22 mgm. per 100 ce. of 
blood too high. Recognizing that the Hagedorn-Jensen (1923) method, 
which employs a zinc protein precipitant, gave somewhat lower results 
for blood sugar than most of the other methods, Somogyi (1929) de- 
veloped a zine precipitant which completely removes the non-sugar 
reducing substances. Employing this precipitant, Somogyi found that 
the Shaffer-Hartmann (modified), Folin-Wu, Folin and Benedict’s 
second copper method gave essentially the same results. Although 
the nature of the non-sugar reducing substances has not been entirely 
solved, it would appear from the work of Benedict and Newton (1929) 
that glutathione constitutes much the largest part of the non-sugar 
reducing substances. They do not believe that the thionine present 
ordinarily accounts for more than 1 or 2 mgm. of reduction per 100 ce. of 
blood, although occasionally it might amount to 4 or 5 mgm. 

In blood sugar estimations giving normal or elevated values, it prob- 
ably is not necessary to employ methods yielding true blood sugar values, 
but with hypoglycemia it is important to know the true glucose content. 
This is illustrated in the case of hyperinsulinism reported by Murphy, 
Duslin and Bowman (1939) where fasting blood sugars ranged between 
20 and 30 mgm. per 100 cc. with the Benedict (1928) method over a 
ten day period. Space does not permit discussion of blood sugar varia- 
tions in disease but it may be pointed out that there is a fuller clinical 


appreciation of the useful information obtainable with the glucose 
tolerance test. 
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Bioop tipips. (Fat, phospholipids, cholesterol.) Although many new 
and improved methods for the estimation of the blood lipids (Bloor, 
1928, 1929; Man and Gildea, 1932; Man and Peters, 1933; Kirk, Page 
and Van Slyke, 1934; Schoenheimer and Sperry, 1934; Thannhauser 
and Setz, 1936) have been introduced during the past fifteen years and 
an extremely large number of investigations have been carried out, 
relatively few new facts of direct clinical importance have been un- 
covered. In general the fundamental facts regarding fat metabolism 
outlined by Bloor with the aid of his older methods have been sub- 
stantiated. Since the blood lipids have been the topic of recent reviews 
(Sinclair, 1937) they will be discussed only briefly here. 

The changes which occur in normal pregnancy, diabetes, nephrosis 
and pernicious anemia are well known and were previously discussed. 

Hurxthal (1933a) in particular has shown that the plasma cholesterol 
may be of considerable clinical value in thyroid disease. Cholesterol 
was found to be low in toxic thyroid states, the lowest values being 
found in patients in or near thyroid crises. In this respect it bore a 
reciprocal relation to the basal metabolism. Hurxthal (1933b) found 
that the cholesterol could be brought to a normal level partly by pre- 
operative treatment but chiefly by subtotal thyroidectomy. Post- 
operative myxedema, on the other hand was found to be accompanied 
by hypercholesterolemia (Hurxthal, 1934). Subtotal thyroidectomy 
in some cases was followed by hypercholesterolemia without clinical 
myxedema. This was interpreted as a transient thyroid deficiency. 
The finding of hypercholesterolemia, in the absence of its few other 
common causes, is believed to point more specifically to thyroid de- 
ficiency than the finding of a low basal metabolism. 

E. Z. Epstein (1931, 1932), continuing the studies begun by Roths- 
child on cholesterol in liver disease, has emphasized in particular the 
clinical value of cholesterol partition. It should be noted that in 1926 
Thannhauser and Schaber first recognized the clinical importance of 
the disturbed relation of cholesterol and cholesterol esters in liver 
disease, and attributed the drop in cholesterol esters in hepatic damage 
to a disturbance in liver synthesis and hydrolysis. Epstein and Green- 
span (1936) have observed that in obstructive jaundice hypercholesterol- 
emia is usually encountered, affecting both the free and ester fractions, 
which parallels the degree of hyperbilirubinemia. In jaundice occurring 
in acute degeneration of the liver blood cholesterol did not rise with 
the bilirubin, but usually remained normal or subnormal. The choles- 
terol ester was usually lowered in acute degeneration of the liver and 
mirrored the severity of the damage. In rapidly fatal cases the ester 
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was low or even absent throughout the course of the disease. Repeated 
cholesterol partitions in liver and biliary tract disease during the course 
of the illness indicated the trend of the disease. The recent work of 
Shay and Fieman (1938) confirms the observations of Epstein, as do 
those of Boyd and Connell (1938), who also give data on the total lipids. 

In the active stages of chronic hemorrhagic nephritis, Page, Kirk 
and Van Slyke (1936) observed a tendency to lipemia, with the plasma 
lipids near or above the upper limit of normal. As the disease passed 
into the terminal stages the lipemia was likely to decrease and the 
plasma lipid to fall below normal before exitus. The individual lipid 
constituents, free cholesterol, cholesterol esters, phosphatides, and the 
neutral fat fraction were found to rise and fall together. In eclampsia 
Boyd (1936) has observed a high phospholipid content with a low choles- 
terol, and a particularly high phospholipid-cholesterol ester ratio. 

Man and Peters (1934) have shown that in diabetic acidosis choles- 
terol falls below the acidosis level during the period immediately follow- 
ing the disappearance of acidosis and dehydration, and that at this time 
the cholesterol content of the blood may be even lower than at the end 
of convalescence. 

The blood lipids have been studied by Man and Gildea (1936) in mal- 
nutrition, and in most cases were found to be reduced. They suggest 
that part of the hypoproteinemia and hypolipemia associated with de- 
bilitating diseases such as nephritis, tuberculosis and possibly hyper- 
thyroidism, may be attributed to the state of nutrition. 

SERUM PIGMENTS. (Bilirubin, carotene.) Although it has long been 
appreciated that the light golden yellow color of normal blood serum 
was due chiefly to bilirubin, it was only comparatively recently that 
quantitative methods of estimating the bilirubin or the degree of yellow 
color have come into common clinical use. As early as 1913 Hymans, 
van den Berg and Snapper employed the Ehrlich’s diazo-reaction for 
the estimation of bilirubin, while Meulengracht (1920) first compared 
the blood serum, after suitable dilution with physiological salt solution, 
with 1:10,000 potassium dichromate, thus obtaining the so-called icterus 
index. Hoover and Blankenhorn (1916) were the first investigators 
in this country to utilize the chemical examination of blood plasma in 
the study of jaundice. Maue (1922) first employed the icterus index 
test, but Bernheim (1924) deserves the credit of first utilizing the icterus 
index in an extended clinical study. This test and the van den Bergh 
reaction, in several modifications, have since found extensive clinical 
use in this country. 


Bilirubin is not the only yellow pigment present in serum, as carotene 
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may occasionally constitute a considerable proportion of the total 
color. Hess and Myers (1919) were the first to call attention to the 
occurrence of carotenemia. More recently Nation and Myers (1934) 
studied the ‘possible influence of carotene on the icterus index in 161 
cases, and concluded that carotenemia does not alter the validity of 
the icterus index, except in cases of marked carotenemia such as may 
be found in some diabetic patients, and then only if the icterus index 
is quite low. 

At the present time there are two schools, one preferring to use the 
simple icterus index test, the other the quantitative (and qualitative) 
van den Bergh reaction. When only the relative amount of bilirubin 
is desired the estimation of the icterus index is a perfectly satisfactory 
clinical procedure. If the van den Bergh reaction or any of its modifica- 
tions had been proven to furnish a simple and fully accurate quantita- 
tive method of determining the milligrams of bilirubin per 100 ce. of 
blood serum, this would be the method of choice, but as yet such does 
not appear to be the case. Obviously the icterus index is not an exact 
procedure owing to the presence of other pigments in the serum, chiefly 
carotene, but the work of White (1933) has given the test quantitative 
significance, since he has shown that an icterus index of 6 matches 
roughly a synthetic jaundice serum containing 1 mgm. of bilirubin per 
100 cc. The chief objection to the quantitative van den Bergh reaction 
centers around the question of the completeness of the extraction of 
bilirubin from the serum. This was greatly improved by the Thann- 
hauser and Andersen (1921) modification and by that of White (1932), 
but there is still some question that the extraction is 100 per cent 
quantitative. 

Although authorities differ, the normal serum bilirubin would appear 
to vary from 0.5 to 1.5 mgm. per 100 cc., but may exceed 40 mgm. in 
severe forms of jaundice. The normal range of the icterus index is 
given as 4-6, latent jaundice above 10, while severe jaundice may 
exceed 225. 

Much use has been made of the qualitative van den Bergh test be- 
cause the direct and indirect reactions were supposed to differentiate 
between the obstructive and hemolytic type of jaundice. Bilirubin 
which has passed through the epithelial cells of the liver, but is not 
excreted due to obstruction of the bile ducts, yields a ‘‘direct’’ reaction 
when it is regurgitated into the blood stream. In contrast to this, 
bilirubin which has not yet passed through the liver cells, yields a 
delayed or “indirect” reaction. Where the reaction is direct, one of 
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two types of pathological change has occurred. Either there is obstruc- 
tion of the larger bile channels from within or without, or else extensive 
diffuse necrosis of the parenchymal cells has taken place. The patho- 
logical explanation for “indirect’”’ reacting bilirubin resides in the fact 
that the polygonal cells are not capable of excreting into the bile channels 
all of the pigment which is brought to them. The “biphasic” reaction 
is probably due to the simultaneous presence of bound and free bilirubin 
in the blood stream. Pathologically it would indicate both some degree 
of obstruction of the bile canaliculi and some diffuse alteration of the 
parenchymal cells. 

White (1933) has obtained valuable data bearing on the amount of 
bilirubin bound by the serum protein, by determining the icterus index 
before and after precipitating the serum proteins with alcohol, the 
latter being named the residual icterus index. In this way the icterus 
index can be made to give some of the information furnished by the 
qualitative van den Bergh reaction. 

Chiefly as a result of the remarkable series of studies by Mann and 
his co-workers (1924) it has been shown that bile pigment formation 
continues after the removal of the liver, and indeed, as Rich (1925 
has shown, after all the abdominal viscera have been removed. The 
reticulo-endothelial system (especially the bone marrow and spleen) is 
mainly concerned with this process. Although the Kupfer cells of the 
liver belong to this system, they are of little or no importance in the 
production of bile pigment. Apparently the function of the liver in 
bile pigment metabolism is not to secrete the bilirubin, but to excrete it, 
and the liver would appear to be the only source of removal of bilirubin 
from blood to bile. Practically, the excretion of bilirubin by the liver 
may be compared to the excretion of urea by the kidney, and may there- 
fore furnish valuable information regarding liver function. 

In its simplest terms hyperbilirubinemia may be due either to an 
increased formation of bilirubin (hemolytic jaundice) or to a decreased 
excretion of bilirubin either as a result of obstruction (obstructive jaun- 
dice) or due to a deficiency in the bilirubin excretory function of the 
polygonal liver cells (hepatogenous jaundice). Conversely hypobili- 
rubinemia is due to a decreased formation of bilirubin, and is quite 
generally found in the secondary anemias. 

ACID-BASE BALANCE. The cation content of the serum is made up 
almost entirely of sodium, potassium, calcium and magnesium while 
the anion content is made up of chloride, bicarbonate, phosphate, pro- 
tein and a small amount of sulfate and organic acid. Since at the 
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normal blood reaction (pH 7.4) the cations exist in combination with 
acids as neutral salts the milliequivalent per liter concentrations can 
be related as follows: 


Total base = Na + K + Ca + Mg = Cl + HCO; + Pr + PQ, + R 
154 = 142 5 5 2 = 105 25 17 2 5 


The concentrations indicated represent the findings of a number of 
workers (Kramer and Tisdall, 1922; Gamble, Ross and Tisdall, 1923; 
Peters, Bulger, Eisenman, and Lee, 1926; Oard and Peters, 1929; Keys, 
1936) and agree with those obtained in the authors’ laboratory. It 
should be pointed out that the value for R (representing sulfate and 
organic acid) is obtained by difference and would be expected to be 
positive. Not infrequently, however, the value has been found to 
be negative (Atchley and Benedict, 1930-31; Peters, Wakeman, Eisen- 
man and Lee, 1928-29; Hald, 1933). Several workers (Hald, 1933; 
Sunderman, 1930-31; Hald and Eisenman, 1937) have obtained a 
lower value for the total base concentration than that given above 
and the difference appears to be the result of a lower average value 
for the sodium content. Such data point to an average total base 
concentration close to 147.0 mEq. and to an average sodium content 
close to 135.0 mEq. By accepting these values as correct it is apparent 
that the value for R would be negative; however, it is highly unlikely 
that this should be the case. In attempting to find an explanation for 
this discrepancy one immediately suspects that the calculation of the 
base equivalent of the serum proteins gives values which are too high. 
Such an error undoubtedly occurs in certain sera with marked divergence 
of the normal protein content (Gutman, Gutman, Jilson and Williams, 
1936); however, for normal sera this is probably not the case. The 
suggestion has been made (Peters, 1935) that possibly a fraction of 
the anions is bound to protein. Whereas the problem cannot be 
answered at the present time, it should be pointed out that Peters 
and Man (1934) have presented evidence for the existence of lipid- 
chlorine in serum and were able to explain in part the apparent dis- 
crepancy. 

For an accurate evaluation of the disturbances of the acid-base 
balance encountered in various diseased conditions, and as an aid in 
therapy, it is desirable to include determinations of the serum pH, the 
total base concentration and the concentration of the various anions 
(especially chloride and bicarbonate). However, as will become ap- 
parent below, very helpful information can be obtained from estimations 
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of only the serum pH and bicarbonate content. Numerous publications 
might be cited to establish the normal ranges of the serum pH, COs: 
content and CO, tension. The normal values for venous plasma (or 
serum) as obtained by a number of workers prior to 1926 have been 
summarized by Austin and Cullen (1926) and the limits observed were 
reconsidered by Earle and Cullen (1929). These results indicate that 
the normal range is for pH, 7.30 to 7.52, for CO, content, 54 to 74 
volumes per cent, and for CO, tension, 34 to 62 mm. of mercury. The 
upper range of pH as given by Earle and Cullen (1929) is undoubtedly 
too high. In establishing this value the colorimetric method was used 
upon serum, employing a colorimetric correction of 0.23 pH to correct 
the values obtained at 20°C. to body temperature. It was not appreci- 
ated until later (Robinson, Price and Cullen, 1933; Myers, Muntwyler, 
Binns and Danielson, 1933) that the colorimetric correction for serum 
is 0.30 instead of 0.23 pH which is the correction for plasma. Hence 
it may be assumed that the pH values reported by Earle and Cullen 
are on the average 0.07 pH too high. Shock and Hastings (1934) 
have reinvestigated the variation of the acid-base balance in normal 
individuals and have obtained evidence which indicates that a slight 
difference exists between the sexes in the average levels of pH, bicar- 
bonate content and carbon dioxide tension. These authors concluded 
that in males the variation may be from pH 7.35 to 7.45; (BHCOQOs), 
from 23 to 30.0 mEq. per liter and pCO, from 40 to 50 mm. of mercury, 
while the variation for females may be from pH 7.37 to 7.47; (BHCQs), 
from 22 to 28 mEq. per liter; and pCO, from 36.5 to 46.0 mm. of mer- 
cury. Studies of the variations of individuals from day to day showed 
that in some persons the fluctuations were as great as the variation 
between individuals, while in others they were comparatively slight. 
No characteristic diurinal variations were noted. Attention should 
be called to the fact that the pH values as ordinarily determined are 
probably on the average 0.03 to 0.05 pH lower than that existing in the 
circulating blood. Havard and Kerridge (1929) while measuring the 
pH of whole blood at 38°C. by means of the glass electrode observed 
a decrease of pH averaging about 0.05 pH which occurred very shortly 
after the blood had been drawn. That a fall of pH of approximately 
this magnitude takes place over a period of about one-half hour after 
the blood has been withdrawn has been confirmed by a number of 
workers (Laug, 1930, 1934; Platt, 1936-37). However, the change does 
not occur abruptly as was first described, this observation being due 
probably to a “temperature artefact” (Platt, 1936-37), but occurs 
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gradually as a part of a continuous glycolytic process (Laug, 1934; 
Platt, 1936-37). 

The emphasis of pathways of displacement of the acid-base balance 
‘ rather than conditions is of distinct advantage. It is now well recog- 
nized that there are four major pathways of disturbance of the acid- 
base balance which are the result of either a respiratory or a metabolic 
process (Peters and Van Slyke, 1931; Shock and Hastings, 1935). Thus 
the metabolic type includes both primary alkali excess and primary 
alkali deficit while the respiratory type includes both primary carbon 
dioxide (H2CO;) excess or primary carbon dioxide deficit. In order to 
establish a given pathway one must consider the magnitude of the 
carbon dioxide tension in addition to pH and bicarbonate content. 
Graphical representation of these three variables can be made by a 
logarithmic plot (Peters and Van Slyke, 1931), or by employing triaxial 
coérdinate paper as suggested by Hastings and his co-workers (Shock 
and Hastings, 1934; Shock and Hastings, 1935; Hastings and Steinhaus, 
1931). These authors called attention to the fact that triaxial cross 
section paper is usually ruled with equal spacings between the lines 
and at a 60’ angle. It is thus adapted to plotting data related by 
the equation, az — by + cz = k. Since the Henderson-Hasselbalch 
equation by rearranging takes the form, pH — log BHCO; + log 
H.CO; = pk’; it is evident that the pH, log BHCO; and log HeCO; can 
be plotted arithmetically on the threeaxes ofsuch paper. These authors 
point out that the advantage of this method of plotting the data is 
that constant H.CO; (or CO, tension) constant pH, and constant BHCO; 
lines are rectilinear and are inclined at equal angles to each other. It 
is readily possible, therefore, to determine the extent of participation 
of either the respiratory or the metabolic factors in causing a given 
path of displacement. 

Space does not permit a discussion of the disturbances of the acid- 
base balance which are encountered in various diseased conditions, 
consequently the reader is referred elsewhere (Peters and Van Slyke, 
1931; Van Slyke, 1934). It is only possible to indicate briefly the 
pathways of disturbance and to list some of the clinical conditions in 
which the disturbances are encountered. a. Primary alkali deficit 
(metabolic acidosis) is encountered frequently in pathological con- 
ditions. The disturbance may be the result of an excess of fixed acid 
arising from overproduction or faulty elimination, or the result of an 
excessive loss of fixed base from the blood. It is encountered, for 
example, in diabetes, renal disease with nitrogen retention, diarrhea of 





So 


























CHEMICAL CHANGES IN THE BLOOD 21 


infancy and bichloride of mercury poisoning. 6. Primary alkali excess 
(metabolic alkalosis) may occur as a result of an excessive increase of 
the base concentration in the blood unaccompanied by an equivalent 
increase of acid ions or may occur as the result of an excessive loss of 
acid ions from the body unaccompanied by an equivalent loss of base. 
Such a disturbance is encountered following the excessive administration 
of alkali or as a result of profuse vomiting. c. Primary carbon dioxide 
deficit (respiratory alkalosis) occurs when the volume of air respired is 
in excess of that required to maintain the normal ratio of bicarbonate 
and carbonic acid in the blood. Respiratory alkalosis is encountered 
during acute clinical fevers, encephalitis, application of hot baths, or 
on exposure to dry hot air. d. Primary carbon dioxide excess (respira- 
tory acidosis) occurs in conditions wherein the blood cannot be freed 
of carbon dioxide properly resulting in a disturbance of the bicarbonate 
carbonic acid ratio. It is encountered in emphysema, morphine narcosis 
and tracheal obstruction. 

MINERAL CONSTITUENTS. The mineral constituents of the blood 
serum have been intensively studied in recent years and it has been 
shown that in normal individuals their concentration is maintained 
within comparatively narrow limits. It has been recognized for many 
years that sodium is found chiefly in the body fluids, while potassium 
is a constituent principally of the cellular tissue. Recent work has 
firmly established this fact and since they represent the principal cations 
of these phases their importance in controlling osmotic pressure levels 
is clearly recognized. Such interesting subjects as the electrolyte dis- 
tribution in body fluids and cells, and transfers of water and solutes in 
the body, are outside the scope of the review and the reader is referred 
elsewhere (Peters, 1935; Fenn, 1936; Darrow and Yannet, 1935; Harri- 
son, Darrow and Yannet, 1936; Hastings and Eichelberger, 1937). 

Sodium. Sodium represents approximately 92 per cent of the total 
base content of serum. In the past the usually accepted normal range 
for serum sodium was taken to be 138 to 148 mEq. per liter, the values 
being based largely upon the observations of Kramer and Tisdall (1922). 
More recent determinations (Dill, Talbott, and Edwards, 1930; Hald 
and Eisenman, 1937; Keys, 1936; Sunderman, 1930-31) indicate that 
these values are somewhat high. For example, Hald and Eisenman 
(1937) from their series report the following range, 129.1 to 139.2 mEq. 
with an average of 135.1 mEq. per liter. The human erythrocyte 
contains considerably less sodium (Dill, Talbott and Edwards, 1930; 
Hald and Eisenman, 1937; Keys, 1936; Oberst, 1935; Crabtree, and 
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Maizels, 1937), there being on the average approximately 16.5 mEq. 
per liter of cells. 

Serum sodium deficits are frequently encountered in diseased con- 
ditions and dehydration is an accompanying symptom. In 1932 Loeb 
called attention to the fact that a marked decrease of the serum sodium 
occurs in the crises of Addison’s disease and shortly later he and his 
collaborators (Loeb, Atchley, Benedict and Leland, 1933) clearly demon- 
strated that a similar change takes place following double adrenalectomy 
in dogs. Their experiments indicated that a marked urinary loss of 
sodium occurs, the urine sodium being increased in amount and con- 
centration. Other electrolyte disturbances noted were decreases of 
the chloride and bicarbonate content, which together approximately 
equaled the decrease of sodium, and an elevation of the potassium 
value. These demonstrated losses of sodium and chloride from the 
blood offered an explanation for the early recognized benefit of injecting 
sodium chloride in the treatment of the characteristic crises of Addison’s 
disease. Since sodium deficits are greater than those of chloride it 
has been suggested (Wilder, Kendall, Snell, Kepler, Rynearson and 
Adams, 1937; Harrop, Soffer, Nicholson and Straus, 1935) that a mixture 
of sodium chloride and sodium bicarbonate or sodium citrate (to furnish 
extra sodium ion) would be more effective in maintaining a normal blood 
electrolyte concentration. That animals following double adrenalec- 
tomy and patients with Addison’s disease are sensitive to the potassium 
intake is generally recognized and the importance of controlling the 
mineral composition of the diet in this disorder was thoroughly em- 
phasized by Wilder, Kendall et al., (1937). Many publications have 
appeared in recent years dealing with the electrolyte and water and 
other changes which occur following adrenalectomy in various animals 
and in Addison’s disease. A number of hypotheses have been presented 
to explain the symptoms of insufficiency and at the present time there 
is no unanimity of opinion. Various phases of the subject have re- 
cently been discussed by a series of authors in the Cold Spring Harbor 
Symposia on Quantitative Biology, volume 5, 1937. 

In addition to Addison’s disease the sodium is found lowered in other 
clinical conditions accompanied by dehydration. Thus a lowered serum 
total base (sodium) content is associated with the dehydration en- 
countered in upper intestinal tract obstruction with profuse vomiting 
(Gamble and Ross, 1925; McIver and Gamble, 1928), pancreatic fistula 
(McIver and Gamble, 1928), terminal nephritis (Peters, 1932), diabetes 
(Peters, Kydd, Eisenman and Hald, 1933), bichloride of mercury poison- 
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ing (Talbott, Coombs and Consolagio, 1937), and diarrhea (Marriott 
and Hartmann, 1928). 

Potassium. The serum potassium of normal individuals appears to 
vary between 3.0 and 7.0 mEq. per liter (Dill, Talbott, and Edwards, 
1930; Kramer and Tisdall, 1921, 1922; Hald and Eisenman, 1937; 
Keys, 1936; Sunderman, 1930-31), with an average value close to 4.5 
mEq. Potassium is the principal cation of the human erythrocyte and 
Hald and Eisenman (1937), who obtained values somewhat lower than 
other workers (Dill, Talbott and Edwards, 1930; Keys, 1936; Kramer 
and Tisdall, 1921, 1922) give as an average value 82.5 mEq. per liter 
with variations from 71.8 to 101.7 mEq. per liter. 

The observation that the serum potassium is elevated in animals 
following double adrenalectomy (Hastings and Compere, 1931), and 
in patients with Addison’s disease (Loeb, 1932, 1933) has renewed 
interest in the serum potassium changes in other clinical conditions. On 
the whole, the serum potassium changes which have been noted in 
other clinical disorders are not very great and this emphasizes the neces- 
sity of carefully controlled observations. Rabinowitch (1924-25) noted 
in several of his cases of advanced renal disease that the serum potassium 
was elevated. Hoffman and Jacobs (1933-34) studied the serum po- 
tassium in a large series of individuals including a variety of diseases 
and the value was found to be altered appreciably only in renal disease 
and asthma. In renal disease the serum potassium was usually elevated 
(maximum elevation to 9.8 mEq. per liter) whenever there was marked 
nitrogen retention. These findings are complicated, however, since 
certain cases had been given potassium salts. The latter authors ob- 
served seven cases of allergic bronchial asthma before and after epi- 
nephrine injection. In every case the serum potassium was slightly 
above what was regarded as normal and became lowered following 
epinephrine injections (the lowest value was 3.8 mEq. per liter). Re- 
cently Rusk, Weichselbaum and Somogyi (1939) also reported evidence 
for an elevation of the serum potassium above normal during asympto- 
matic periods and in acute attacks of bronchial asthma. These same 
authors, who called attention to their earlier findings of definite im- 
provement in six cases of chronic urticaria when receiving low sodium, 
high potassium, acid ash diets, found evidence for slightly elevated 
serum potassium values in a group of twenty patients with acute and 
chronic urticaria. With subsidence of the clinical symptoms the value 
was found to become decreased. The observation of Briggs, Koechig, 
Doisy and Weber (1924) that when insulin is administered to normal 
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animals (dogs) there is a simultaneous decrease in the concentration of 
glucose, inorganic phosphate and potassium has been confirmed (Kerr, 
1928), and the same response occurs following insulin administration 
in diabetics (Harrop and Benedict, 1924) and normal humans (Rusk, 
Weichselbaum and Somogyi, 1939; Harrop and Benedict, 1924). The 
administration of glucose and levulose to dogs (Flock, Bollman, Mann 
and Kendall, 1938) and glucose to normal individuals (Rusk, Weich- 
selbaum and Somogyi, 1939) is accompanied by a fall of serum potassium. 
The decrease of serum potassium in dogs following insulin administra- 
tion could not be accounted for by a gain of erythrocyte potassium 
(Kerr, 1928). <A high serum potassium has recently been demonstrated 
in experimentally induced intestinal obstruction (Cutler and Pijoan, 
1937; Scudder, Zwemer, and Truszkowski, 1937) and has been suggested 
as a toxic factor in this condition. 

Calcium. The serum calcium has received consideration in recent 
issues of these Reviews: The parathyroid glands—D. L. Thomson 
and J. B. Collip (1932), and Occurrence, transport and regulation of 
calcium, magnesium and phosphorus in the animal organism, C. L. A. 
Schmidt and D. M. Greenberg (1935), The blood calcium and the factor 
in blood coagulation, J. H. Ferguson (1936). A striking feature re- 
garding serum calciumis the constancy of the values obtained in normal 
individuals (Mull and Bill, 1933; Kirk, Lewis, Jr., and Thompson, 1935) 
and in most diseased conditions. ‘The normal range of variation can 
be taken to be 4.5 to5.7 mEq. per liter, with anaverage close to 5.2 mEq. 
As indicated by the observations of Abderhalden which were made 
about 40 years ago, recent analyses have made it increasingly evident 
that the calcium of blood is practically all to be found in the plasma, 
there being little or none in the erythrocytes. For example, Hald and 
Kisenman (1937) reported the following range of calcium in cells, namely, 
—0.5 to 1.4 mEq. per liter with an average of 0.2 mEq. 

It has been recognized for some time that clinically significant changes 
of the serum calcium level are encountered in parathyroid disorders, 
i.e., hyperparathyroidism being accompanied by elevated values while 
hypoparathyroidism is accompanied by lowered values. Other con- 
ditions where elevated values have been encountered are instances 
of overdosage with viosterol and in certain cases of hyperproteinemia 
while lowered values have been reported in certain cases of rickets, 
infantile tetany, osteomalacia, chronic glomerular nephritis (with high 
blood phosphorus) and nephrosis (with markedly reduced serum protein). 
The recent work (McLean and Hastings, 1935) which has demonstrated 
that total serum calcium, calcium ions (Ca**) and total serum proteins 
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are related in a manner which can be stated in an equilibrium equation 
and, further, the evidence of a reciprocal relationship between the 
levels of serum calcium and phosphorus (Peters and Eiserson, 1929) 
have aided materially in a better evaluation of the serum calcium 
clinically. 

A large amount of literature has accumulated on the subject of the 
state of calcium in the body fluids, a review of which will be found 
elsewhere (Thomson and Collip, 1932; Schmidt and Greenberg, 1935; 
Ferguson, 1936). Suffice it to state that since the work of Rona and 
Takahashi (1911), who showed by compensation dialysis that a larger 
part of the calcium in serum is in a diffusible form, whereas the re- 
maining fraction is not diffusible, it has been customary to distinguish 
between diffusible and non-diffusible calcium of serum. ‘These authors 
suggested that the non-diffusible fraction is bound to serum protein, 
a view which has generally been accepted. As a result of certain solu- 
bility studies they (Rona and Takahashi, 1913) concluded that the 
diffusible calcium represents calcium bicarbonate in a metastable super- 
saturated solution. Subsequent work by a number of investigators 
has led to the belief that diffusible calcium is in part ionized and in part 
bound in some unionizable form. The development by McLean and 
Hastings (1934) of the biological method of directly estimating the 
calcium ion concentration of solutions has obviously been of great value 
in studies of this problem. McLean and Hastings (1935) were able 
to show that calcium proteinate dissociates as a weak electrolyte and 
that ionized calcium in protein containing fluids (serum) depended upon 
an equilibrium between protein and calcium, described as a first ap- 
proximation by the equation, 


Ca Prot. 2 Ca** + Prot.~ 
and by the equilibrium equation, 


(Ca™) < (Pr ) _kK 
(Ca Prot.) Ca Prot. 


The value of Ke, prot. , in the case of the combined serum proteins (tem- 
perature 25°C and pH 7.35) was found to be 10°? ”*°" Somewhat dif- 
ferent values have been ascribed to Ke, prot. by other authors. See for 
example McLean (1938) and Miller (1937). 





The experiments of McLean and Hastings (1935) led to the con- 
clusion, therefore, that the calcium of serum is present almost entirely 
as calcium ions and calcium bound to proteins and, further, ionized 
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calcium and diffusible calcium are essentially equal. That the fluids 
of the body contain a small amount of bound but diffusible calcium was 
recognized, it being estimated to be 0.15 mM. per kilo of water or less. 

Since the serum calcium ion concentration is of primary clinical im- 
portance, it is of interest to enquire whether in sera from patients with 
diseases known to have changes in total serum calcium, the calcium ion 
concentrations calculated with the aid of the above statement are in 
satisfactory agreement with the values obtained by direct determination 
or by ultrafiltration methods. Such comparisons have been made 
(McLean and Hastings, 1935; McLean, Barnes, and Hastings, 1935; 
Morison, McLean and Jackson, 1938) and on the whole the findings 
are highly encouraging. It appears probable, therefore, that as an aid 
in evaluating changes of serum calcium clinically, one can calculate 
(with a few possible exceptions) the calcium ion concentrations from 
the total calcium and serum protein values. In the various clinical 
conditions studied by McLean and Hastings (1935) evidence for elevated 
serum calcium ion concentration values (1.37 to 2.0 mM. per liter) 
was found in hyperparathyroidism. Although the condition was not 
investigated, elevated values were also indicated for instances of over- 
dosage with viosterol. Lowered values (0.37 to 1.0 mM per liter) were 
encountered in hypoparathyroidism and in hyperphosphotemia of 
nephritis while normal values (1.06 to 1.31 mM per liter) were observed 
in cases of rickets, Paget’s disease, senile osteoporosis and calcinosis 
universalis. Cases of hyper- and hypo-proteinemia were not investi- 
gated, however, on the basis of reported values for diffusible calcium, the 
authors anticipated normal levels in these disturbances. These authors 
emphasize the importance of the parathyroid hormone in maintaining 
the calcium ion concentration at a normal physiological level and 
conclude that an increase in the serum calcium ion concentration is 
presumptive evidence of hyperfunction of the parathyroid glands. 
Abnormally low calcium ion concentration values presumably point to 
a hypofunction of the parathyroid glands. A possible exception to 
the latter is recognized in the so-called low calcium rickets, associated 
with infantile tetany. 

Magnesium. The magnesium content of normal human serum has 
recently been investigated by a number of workers (Hald and Eisenman, 
1937; Watchorn and McCance, 1932; Greenberg, Lucia, Mackey and 
Tufts, 1933; Walker and Walker, 1936). It appears that the values 
of Hald and Eisenman (1937) (minimum 1.2, maximum 2.2 and average 
1.6 mEq. per liter) represent the lowest while those of Greenberg et al. 
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(1933), (minimum 1.6, maximum 2.9 and average 2.3 mEq. per liter) 
represent the highest values reported. ‘The normal range as reported 
by the other workers appears to fall in between these values. The red 
blood corpuscles contain appreciably more magnesium than is found 
in serum. Hald and Eisenman (1937) reported the following values, 
namely, minimum 3.5, maximum 6.2 and average 4.6 mEq. per liter, 
while Greenberg et al. (1933) obtained the somewhat higher average 
value of 5.4 mEq. per liter. 

There appears to be some confusion in the literature regarding serum 
magnesium changes in various diseased conditions. Apparently the 
serum magnesium may vary greatly under clinical conditions. Elevated 
and lowered values have been reported. However, such changes are 
not uniformly encountered and sometimes in a given diseased condition 
both high and low values have been experienced. Walker and Walker 
(1936) studied a large group of hospital cases and found evidence of 
slightly increased values in cases of hypertension without signs of kidney 
damage. In five cases associated with greater or lesser degrees of renal 
damage high serum magnesium values were encountered (the highest 
value of 3.5 mEq. being observed in a case of terminal nephritis). These 
authors concluded that the serum magnesium may be elevated in mod- 
erate or severe renal insufficiency, especially if associated with hyper- 
tension. Hirschfelder (1934) also noted elevated values in some cases of 
renal disease while in others lowered values were observed. The latter 
author found that in renal disease, apparently because of decreased 
excretion, an ordinary purgative dose of magnesium sulfate causes a 
marked elevation of serum magnesium. Such elevations (to approxi- 
mately 8.0 mEq. per liter) were accompanied in a number of patients 
by drowsiness or even light coma. Hirschfelder (1934) observed, in 
addition to four cases of glomerular nephritis, lowered serum magnesium 
values in two cases of parathyroid tetany and in three patients suffering 
from idiopathic epilepsy. It is stated that the low serum magnesium 
encountered clinically was accompanied by muscular twitchings or 
by convulsions and when it occurs in renal insufficiency the symptoms 
may be relieved by the oral administration of epsom salt. Greenberg 
and Aird (1938) were unable to detect any change of the serum mag- 
nesium from normal in epilepsy. 

Chlorides. Chloride represents the principal anion of serum and 
may be taken to vary normally between 100 and 110 mEq. per liter, 
an average value being close to 105 mEq. Since the red blood corpuscle 
membrane is permeable to the chloride ion, the chloride content of the 
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cells is related to that of the serum in accordance with the Gibbs-Donnan 
law (Van Slyke, Wu and McLean, 1923). At a normal blood reaction 
(pH 7.4) and complete oxygenation of hemoglobin the molal ratio 
(Cl)-/(Cl); is approximately 0.7, an average cell chloride concentration 
being in a round number 50.0 mEq. per liter. 

In considering serum chloride changes in diseased conditions it should 
be appreciated that there is a marked tendency for reciprocal alterations 
of the bicarbonate and chloride concentrations. Apparently this and 
other related changes of the serum chloride and bicarbonate take place 
in an attempt to maintain a normal total electrolyte content. Hypo- 
chloremia is encountered much more frequently than is hyperchloremia. 
It is now generally recognized that profuse vomiting from upper in- 
testinal tract obstruction (McVicar, 1925) or from other causes (Haden 
and Guffey, 1924) may be accompanied by marked serum chloride 
deficits. The serum bicarbonate becomes elevated to a varying degree 
depending upon the extent of total base loss from the body. In renal 
disease the serum chloride values are somewhat variable. In terminal 
nephritis lowered values are encountered frequently, sometimes to a 
rather marked extent, and this alteration appears closely associated with 
nausea, vomiting and anorexia (Peters, 1932). Values at the upper 
range of normal or somewhat above are frequently observed in the 
acute and nephrotic forms of glomerular nephritis. Serum chloride 
deficits are quite regularly encountered in diabetic acidosis (Peters, 
Kydd, Eisenman and Hald, 1933), and unusually low values may be 
observed in acute mercuric chloride poisoning (Muntwyler, Way, and 
Pomerene, 1934). In Addison’s disease (Loeb, Atchley, Benedict and 
Leland, 1933), lowered chloride values are associated with serum sodium 
deficits. In diarrhea of infancy somewhat variable findings for the 
serum chloride have been reported (Hartmann, 1928; Hamilton, Kajdi 
and Meaker, 1929); however, most frequently the values appear normal 
or are slightly elevated. In this condition the loss of base in excess of 
chloride in the diarrheal stool gives rise to the acidosis and dehydration 
which is encountered. Among the other clinical conditions wherein 
lowered serum chloride values are encountered are lobar pneumonia, 
various conditions involving improper ventilation of the blood, fevers, 
tuberculosis and pleural effusion. 

Phosphorus. This brief discussion is limited to the normal and 
abnormal variations of the serum inorganic phosphate only and the 
values are expressed in terms of milligrams per 100 cc. rather than mEq. 
per liter. It has been customary to regard the normal range of variae 
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tion of serum inorganic phosphate to be, in adults, from 3 to 4.5 mgm. 
per 100 cc. and in children from 4 to 6 mgm. per 100 cc. The recent 
observations of Stearns and Warweg (1933), who studied the partition 
of phosphorus in blood and serum in normal individuals from birth to 
maturity, are of interest in this connection. It was found that the 
serum inorganic phosphorus rises steadily after birth until the maximum 
value (approximately 6.5 mgm. per 100 cc.) is reached at from four to 
six months. A steady fall is then evident; however, reasonable con- 
stancy exists for the age period three to twelve years (average value 
slightly in excess of 5.0 mgm. per 100 cc.). The fall to the average 
adult level (approximately 3.4 mgm. per 100 cc.) apparently takes place 
rather abruptly between the ages 16 and 20 years. 

The clinical conditions wherein significant deficits of serum inorganic 
phosphate are encountered include rickets, osteomalacia, and hyper- 
parathyroidism. Values above normal are observed in terminal 
nephritis, following major fractures in adults, hypoparathyroidism and 
following excessive administration of vitamin D as cod liver oil or 
viosterol. 

Phosphatase. Credit is due in particular to Robison, and to Kay 
(1932) for recognizing the presence of phosphatase in the blood serum 
(or plasma), working out a method for its estimation and recognizing 
its rdle in intermediary phosphorus metabolism, in particular in con- 
nection with calcification. Although the method for phosphatase 
developed by Kay (1930) has been widely used, the modification intro- 
duced by A. Bodansky would appear to put the estimation on a sounder 
basis. According to the method of Bodansky (1933), a unit of phos- 
phatase activity is defined as “equivalent to the actual or calculated 
liberation of 1 mgm. of phosphorus as the phosphate ion during the first 
hour of incubation at 37°C. and pH 8.6, with the substrate containing 
sodium beta-glycerophosphate, hydrolysis not exceeding 10 per cent of 
the substrate.”’ With this method the range of normal values for 
plasma or serum phosphatase activity in adults is 1.5 to 4.0 units and in 
children 5.0 to 13.0 units per 100 ce. Greene, Shattuck and Kaplowitz 
(1934) obtained a mean of 6.3 units with a standard deviation of 2.2 
for their control cases, and regard values between 2.0 and 11.0 as without 
definite pathological significance. In rickets Bodansky and Jaffe 
(1934b) found the serum phosphatase activity was 20 to 30 units in 
mild cases, as high as 60 units in severe cases and 60 up to 190 units in 
very severe cases. Plasma phosphatase activity may be regarded as 
reliable means of detecting latent and active rickets and may be em- 
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ployed as a prognostic index in this condition. Increased serum phos- 
phatase activity is generally present in osteitis deformans (Paget’s 
disease), in which several bones are involved, the values in some cases 
being very high. Moderately increased values have been found to 
occur in hyperparathyroidism. Increased phosphatase activity has 
been observed in both obstructive and hepatogenic jaundice, but 
elevated values are about twice as common in the former as in the latter. 

Sulfate. The normal range of inorganic sulfate appears to be from 
0.3 to 1.0 mEq. of S per liter (Denis, 1921; Wakefield, 1929; Hoffman 
and Cardon, 1935; Letonoff and Reinhold, 1936). Attention has been 
given chiefly to the changes of serum inorganic sulfate in renal diseases. 
W. Denis in 1921 noted elevated values (to 10 mEq. per liter) in uremia 
and subsequent work (Wakefield, 1929; Loeb and Benedict, 1927; 
Wakefield, Power and Keith, 1931; Hoffman and Mansfield, 1936; 
Wakefield, Power, and Keith, 1939) has shown that sulfate is retained 
in the blood when renal function is greatly impaired. The elevations of 
serum inorganic sulfate appear to parallel non-protein nitrogen retention 
and Wakefield et al. (1939) recorded a value as high as 20 mEq. per 
liter. Wakefield, Power and Keith (1931) reported that fairly fre- 
quently patients with hypertension or with early glomerular nephritis 
showed some elevations of the serum inorganic sulfate while common 
tests for renal function showed no abnormality. Consequently the 
determination of inorganic sulfate was suggested as an early test of renal 
function. These findings are not in accord with those of Hoffman and 
Mansfield (1936) who observed that in renal disease the serum inorganic 
sulfate increased roughly parallel with the blood urea and from all 
indications could not be used as a test for early renal inefficiency. 
Recently Wakefield, Power and Keith (1939) have tempered their 
original conclusions and state “‘that the concentration of serum sulfate 
may exceed the normal limits in cases of mild, rather than early, renal 
insufficiency.”” With no apparent explanation, some elevations of 
serum inorganic sulfate have been encountered in conditions other than 
renal disease (Wakefield, 1929). 
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METALLIC ELEMENTS AND BLOOD FORMATION 


M. 0. SCHULTZE 
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For the purpose of this review the term “‘blood formation”’ is limited 
to the formation of red blood cells and of hemoglobin. During recent 
years several reviews have been published which cover certain phases of 
this subject more extensively and from a different viewpoint than this 
| paper (1-19). 
| I. FORMATION OF RED BLOOD CELLS AND HEMOGLOBIN. Histogenesis. 

In the early stages of embryonic life the liver and the spleen are the 
main centers of erythrogenesis (2, 15, 422). Later, the bonemarrow 
| assumes this function and in extrauterine life it is normally the main or 
| sole site for the formation of red cells. In periods of stress, however, 
other organs, particularly the spleen (154, 280) may contain extensive 
| erythropoietic foci. The size of the erythrogenic organ is variable, in 

early life all of the marrow cavities being filled with active red marrow 

' which is later partly replaced by fatty marrow. Under the influence of 

hematopoietic stimuli the red marrow can enlarge at the expense of 

fatty marrow and remain in a state of hyperplasia for long periods 
(14, 134, 280, 292). 

Most hematologists seem to regard the circulatory system of the bone- 

marrow as a closed bed within which the red blood cells are formed and 

retained normally for extensive maturation (15, 94, 95, 102, 319). 
The endothelial cells of the intersinusoidal capillaries are the units from 
which the red cells ultimately (15, 96, 425) originate. It is generally 
| agreed that histogenesis of the erythrocyte proceeds from the small 

endothelial cell through the large megaloblast and the more or less 

differentiated erythroblasts to the normoblast (9, 15, 96, 258, 425). 

During this maturation the large nucleus of the megaloblast shrinks and 
| in mammals it is extruded or disintegrates as the normoblast matures 
| into a reticulocyte. The reticulocyte is normally the most immature 
form of red cell entering the circulation, where it matures rapidly into 
an erythrocyte (169, 306). 

Chemically, the stroma of the erythrocyte has not been extensively 
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studied to determine if factors necessary for the development of the 
erythrocyte are integral parts of the stroma. 

Hemoglobin. Hemoglobin is a protoheme-globin compound. For 
the purpose of discussion and as a guide in studies on its formation and 
metabolism hemoglobin can be considered as consisting of globin, 
protoporphyrin [X and iron. (The protoporphyrin obtainable from 
hemoglobin is designated as protoporphyrin IX, belonging to the 
etioporphyrin III series, according to Hans Fischer’s system of nomen- 
clature (121).) Although all hemoglobins of different species have the 
same fundamental property of dissociable combination with oxygen, 
they exhibit sufficient differences in composition and in chemical and 
physical properties (420) to permit the conclusion that there are different 
hemoglobins. Thus the sulfur and cystine content of the hemoglobins 
of different species show significant variations (51). Measurements of 
the resistence to denaturation by dilute alkali indicate the multiple 
nature of hemoglobins of different animals (176) and, more surprisingly, 
the occurrence of different hemoglobins in the maternal and fetal blood 
of man (48, 49, 62, 162, 163, 214, 388). The same conclusion is reached 
from the shift to the left of the oxygen dissociation curve of fetal blood 
(25, 152, 163). Shortly after birth the fetal hemoglobin begins to be 
replaced by that normally occurring in adult blood (62) but even in the 
adult the hemoglobin may not be homogeneous (62, 63). The globin 
moiety of the hemoglobin molecules seems to be responsible for these 
differences. 

As far as is known the naturally occurring hematin compounds belong 
structurally to the etioporphyrin III series. This applies to the hemo- 
globins of all higher animals investigated including the chicken and the 
pigeon (299, 314), to myoglobin (314, 342), to catalase from liver (364), 
to free intracellular hematin (198), and probably also to peroxidase 
(199, 216). The nature of the hematins of the cytochromes is not yet 
clearly established. Such a striking identity in one of the components 
of the different hemoglobin molecules and of other hematin proteins 
not only points to the fundamental physiological importance of this 
molecular configuration but also suggests that its synthesis in each case 
involves the same chemical reactions. 

Site of formation of hemoglobin. Studies on the histogenesis of red 
cells indicate a gradual accumulation of hemoglobin during the develop- 
ment of the cell (143). The amount of hemoglobin in the megaloblast 
is very small, obscured in ordinary staining procedures by basophilic 
constituents of the cell (9, 15). As the cell matures the basophilia 
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gradually gives way to the acidophilic hemoglobin. The seat of hemo- 
globin synthesis, at least in its final stages, is apparently in the nucleus 
of the developing cell (206, 400, 424). By histochemical reactions iron 
has been detected in the nuclei of the developing red blood cell (238, 
281, 308) and this iron is apparently incorporated into the hemoglobin 
molecule. Thus the final synthesis of hemoglobin seems to be localized 
in the erythrogenic tissue within the developing blood cell. The rapid 
destruction of extracellular hemoglobin and the impermeability of the 
cell membrane to hemoglobin lend further support to such a theory 
(104). Whether myoglobin and other hematin compounds are similarly 
elaborated in situ is not known. The close relation between the forma- 
tion of red cells and of hemoglobin also raises the question: Can erythro- 
cytes mature without at least a partial complement of hemogobin? 
If such is not the case the factors necessary for the formation of red cells 
cannot be as sharply separated as many authors have implied. 

II. SYNTHESIS OF HEMOGLOBIN AND ITS COMPONENT PARTS. Proto- 
porphyrin. Improvement in methods of analysis and identification of 
porphyrins have led to a gradual discard of the idea (see 333) that proto- 
porphyrin is a physiological product of degradation of hemoglobin. 
Recent studies on the formation of bile pigments from hemoglobin do 
not indicate that protoporphyrin is an intermediate in this reaction 
(32, 220). Much evidence has accumulated, however, which supports 
the view that protoporphyrin is an intermediate in the synthesis of 
hemoglobin. Protoporphyrin is normally present in the erythrocytes 
(120, 138, 317, 397, 399) and particularly in the reticulocytes (69, 344, 
345, 406) but not in blood plasma (218, 399). In fact Watson has sug- 
gested that the supravital staining of reticulocytes with brilliant 
cresyl blue leads to precipitation of the dye and of protoporphyrin 
(406). The fluorescence of young red blood cells (272, 343) may be 
caused by protoporphyrin. Protoporphyrin has been identified in 
megaloblasts and in erythroblasts of fetal bonemarrow (55, 210). 
Langen and Grotepass have reported an increased protoporphyrin 
content of the bonemarrow and of the red blood cells following hemor- 
rhagic anemia of rabbits (218). The developing chick embryo contains 
protoporphyrin in relatively large amounts (55, 137, 398). Grotepass 
has identified the protoporphyrin of the erythrocytes as protoporphyrin 
IX (138). Thus, an experimental basis is provided for the theory 
(18, 55, 104, 166, 196, 220) that protoporphyrin accumulates at the site 
of hemoglobin formation as an intermediate. Further support of this 
theory comes from a study of porphyrin excretion in various blood 
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dyscrasias and in experimental hemorrhagic anemia of dogs (98, 99, 
100, 101). Accordingly Dobriner and Rhoads postulate that excretion 
of coproporphyrin I is proportional to and an index of the formation 
of protoporphyrin, and hence of hematopoietic activity (100). Hans 
Fischer’s dualistic theory of porphyrin synthesis receives thus experi- 
mental support. Rimington has recently advanced an “enzymic theory 
of hemopoiesis”’ in which he suggests that coproporphyrin may be a by- 
product of protoporphyrin synthesis (311). The normal quantitative 
predominance of protoporphyrin IX synthesis is conditioned by a 
“directive control” of the “porphyrinosynthetic enzyme system.” 
While admittedly speculative, Rimington’s theory may be worthy of 
experimental approach. 

Dietary precursors of pyrrole compounds or of protoporphyrin are 
not known. Nobody has yet succeeded in producing an anemia due to 
a deficiency of porphyrin precursors. Experimental hemorrhagic 
anemia of dogs (312) and nutritional anemia of rats (209) failed to re- 
spond to therapy with pyrrole derivatives although iron was supplied in 
the latter case. Reports to the contrary (182, 295, 296) can at best be 
interpreted as suggesting that the animal may utilize preformed pyrrole 
or porphyrin compounds for porphyrin synthesis. As far as is known 
the animal does not depend upon a dietary supply of pyrrole or its deriva- 
tives (18). 

Iron. The bonemarrow contains considerable quantities of iron which 
are decreased in hemorrhagic anemia (53, 124, 147) and in nutritional 
anemia (339). Some of the iron of the bonemarrow is non-hematin 
iron (339), perhaps combined with nucleoprotein (278) or lecithin (133). 
Upon administration of iron its accumulation in the bonemarrow has 
been demonstrated (53, 301, 339). 

Globin. Clinically, a clearcut anemia due to globin deficiency has not 
been described (104). Bethell has reported increased serum albumin 
and improvement of anemia of pregnancy following increased milk 
intake (42). In patients with hypochromic or pernicious anemia Heath 
and Taylor (171) observed a good response to specific therapy in spite of 
a very low protein intake. Plasma and tissue proteins apparently 
served as the source of protein for hemoglobin formation. Experi- 
mentally, retarded recovery from anemia (149, 297) as a result of quan- 
titatively or qualitatively inadequate protein intake can be demon- 
strated readily. Diets very low in protein can produce a macrocytic 
anemia and megaloblastic bonemarrow in pregnant rats (40, 41, 42, 
217). This is probably not the result of an uncomplicated globin 
deficiency, however. 
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In view of the remarkable specificity of the globin molecules it might 
be suggested that they are synthesized in the bonemarrow (or in the 
muscle cells in the case of myoglobin) from the constituent amino acids. 
Whipple and his associates on the other hand have repeatedly expressed 
the opinion that the “liver is active in producing intermediates which go 
into the manufacture of the large hemoglobin molecule” (147, 313, 
375) and that the liver can ‘assemble the protein-building materials 
which form the globin fraction” (165). Further work is needed to 
clarify this point. 

Assuming then on the basis of the past discussion that the hemato- 
poietic centers elaborate protoporphyrin [X and globin, and that non- 
hematin iron is available, the final step of the synthesis of the respiratory 
pigments may take place in the following manner: 

1. Protoporphyrin combines with iron to form protohematin (198) 
which, after reduction to protoheme readily combines with globin to 
form hemoglobin (179, 314). 

2. A globin-protoporphyrin compound is formed (178, 180, 181) 
which, upon incorporation of ferrous iron, yields hemoglobin. 

III. MrerHops FOR THE STUDY OF THE RELATION OF METALS TO 
BLOOD FORMATION. The normal organism, with some exceptions, is 
not well suited for studies of the problem under consideration. In 
general, conditions under which blood formation is either retarded or 
accelerated provide the best opportunity for rational study. Clinically 
this is realized in the various forms of anemia. Some similar conditions 
are encountered naturally in animals (23, 56, 78, 153, 257, 277, 349, 
395). In both cases, however, the abnormal blood picture may be 
caused by several factors and conclusions from therapeutic measures 
need cautious interpretations. The action of metals in blood formation 
is best studied in animal experiments where the experimental conditions 
particularly with respect to body storage and dietary intake of various 
factors can be controlled. Except in the production of polycythemia 
the primary hematopoietic stimulus seems to be low oxygen tension in 
the tissues. In any form of anemia this condition is apparently realized. 
Some investigators (211, 232) have used low atmospheric oxygen tension 
to stimulate bonemarrow activity; others have used acute hemorrhagic 
(156, 186, 411, 418, 419) or hemolytic anemia (156, 207, 275). In such 
experiments bodily stores of metallic elements are likely to complicate 
the results as illustrated by the failure of dogs to respond to iron therapy 
(411,418). Chronic hemorrhagic anemia of dogs and nutritional anemia 
of rats and other species appear to provide the best material for studying 
blood formation. Experiments with purified diets have thus far not 
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been very successful because it is difficult to prepare a purified diet that 
is both adequate and sufficiently low in metallic elements. Recent 
progress in the preparation of pure vitamins should make this experi- 
mental approach feasible in the near future. 

Whipple and his associates have developed to a high degree of per- 
fection the technique of producing chronic hemorrhagic anemia in dogs 
for the study of blood formation (413). Although his standard rations 
are adequate to maintain mature dogs in a normal state of health for 
long periods they are partially deficient in more than one factor affecting 
hemoglobin regeneration. They are low in proteins (413), riboflavin 
(141) and iron (413) and a uniform intake of copper is not provided 
(159). The interpretation of the results obtained with this method is 
sometimes difficult because the necessity of restricting the diet to only 
one factor affecting blood formation has not been clearly recognized in 
many of the experiments. Thus it would be interesting to compare the 
results of liver feeding with those obtained when equivalent amounts of 
iron, copper, riboflavin and purified protein are supplied. The effect of 
vitamin Bs on blood formation also deserves close attention (126). 
Whipple’s technique has been applied successfully in some other labora- 
tories (44, 245, 269, 302, 307, 368) and the need for more adequate 
control of the diet has been stressed (302, 307, 368). 

Nutritional anemia of rats has been used most extensively in the work 
of Hart and Elvehjem and their associates. With proper precautions 
this technique is highly successful and it has been used in many labora- 
tories mainly for studies on the effect of iron and copper on blood forma- 
tion. The basal diet of milk proves particularly satisfactory because 
it has such a low content of iron and copper and because it supports 
excellent growth to maturity when fortified with iron, copper and man- 
ganese (203). As far as is known, such milk contains all dietary factors 
necessary for very rapid recovery from nutritional anemia and for main- 
tenance of a normal blood picture. The statement that the ‘‘value 
(of milk) for manufacture of hemoglobin and red cells is but slight”’ 
(14) applies only to its limitations in iron and copper content. Nutri- 
tional anemia on milk diets is of the hypochromic type (122, 153, 338). 
Foster (125) and Fitz-Hugh et al. (122) reported microcytosis in rats, 
while Hamilton et al. (153) observed a normal corpuscular volume in 
pigs suffering from milk anemia. The scarcity of detailed hematological 
studies on an anemia which can be so well controlled is rather surprising. 

Recent improvements in the field of bonemarrow culture open a 
new approach to the study of the function of metals in blood formation 
(52, 289, 290, 291, 407). 
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IV. ‘THE RELATION OF IRON TO BLOOD FORMATION. As a component 
of the hemoglobin molecule, iron occupies a key position among the 
factors affecting blood formation. The best iron analyses of hemo- 
globins of various species have yielded uniform values of 0.335 per cent 
Fe (70, 187, 267, 298, 427). The same figure has been given for 
myglobin (376). 

Pre-naial iron stores and iron-metabolism in infancy. Most mammals 
at birth are stocked with a considerable iron reserve. In addition, the 
blood of infants and some animals has an abnormally high hemoglobin 
content. During pregnancy relatively large amounts of iron are trans- 
ferred across the placenta (331). Lron deficiency of the mother does 
not necessarily result in lower hemoglobin of the young at birth (22, 
367) but it does decrease the fetal iron stores and hasten the onset of 
anemia during the nursing period (22, 294, 367, 387). Pigs are partic- 
ularly susceptible to early anemia of iron deficiency (153, 231, 339). 
The iron content of fetal liver is relatively high (129, 184, 303, 426), 
reaching a maximum at term. Bunge pointed out fifty years ago that 
the mineral composition of the fetus corresponds closely to that of milk 
except in iron and he warned against the exclusive use of a milk diet 
through extended nursing periods (67, 68). Later work has confirmed 
this view and has indicated that the iron concentration in the tissues, 
particularly in the liver, decreases during the nursing period (231, 
303, 355, 378) even though the absolute amount of iron may increase. 
Lintzel and Radeff (231) have reviewed the pertinent literature. 

Destruction of hemoglobin in vivo does not necessarily lead to ex- 
tensive loss of the iron liberated. Although metabolism studies in 
earliest infancy have shown a pronounced negative iron balance (37, 
192, 361, 362), the iron requirement of the growing infant can be satis- 
fied, for a short time at least, from the iron reserves in the liver and also 
from the physiological destruction of excess hemoglobin (192, 361, 
362). Similar conservation of iron liberated during excessive hemo- 
globin destruction has been observed in cases of polycythemia vera 
treated with phenylhydrazine or its derivatives (34, 207, 248, 305). 
Likewise in the formation of bile pigment from injected hemoglobin or 
myoglobin the liberated iron can be stored in the tissues or, if necessary, 
utilized for the formation of new hemoglobin (150, 164, 242, 259, 279, 
409). 

Tissue and storage tron. The iron content of animal tissues, particu- 
larly of the liver, is subject to marked variations depending on the bal- 
ance between absorption of dietary iron, excretion of iron and the re- 
quirement for hemoglobin formation. The chemical nature of the iron 
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compounds in the tissues is not clear. Varying fractions of the total 
iron (generally between 15 and 70 per cent) are soluble in acetate buffer 
or dilute trichloracetic acid and react with aa-bipyridine upon reduction. 
This iron is nonhematin iron and probably includes such compounds as 
“ferretin’” (219) and dissociable ferric protein complexes (76, 119, 
250, 356). The association of ferric iron with phosphorus compounds 
has been suggested (119, 133, 250, 278, 385). Another fraction of 
tissue iron can be ascribed definitely to hematin compounds. Small 
amounts of inorganic ferrous iron may also occur in tissues. These 
different iron compounds show variations in the ease with which they 
are mobilized to become available for hemoglobin formation. A 
mobilization of tissue iron as a result of rapid hemoglobin formation has 
been demonstrated frequently (113, 417,419). The liver and spleen of 
even the most severely anemic animals contain considerable amounts of 
iron however (83, 113, 147, 173, 339) partly as non-hematin iron (148, 
339). These iron compounds are not withdrawn from the tissues for 
hemoglobin formation (147, 173, 192, 193, 339) even when all other 
factors for rapid hemoglobin formation are available (339). The heart 
and the skeletal muscles are particularly resistant to iron depletion. 
Severe anemia fails to reduce the myoglobin content of skeletal and 
heart muscles (6, 81). In the heart it can be even increased due to 
hypertrophy of the organ (81). A clear distinction between mobile and 
immobile iron has therefore been made only on a physiological basis. 

Dietary tron in relation to hemoglobin formation. For maintenance of 
the normal rate of hemoglobin formation and for preservation of tissue 
iron the organism depends on an adequate dietary supply of iron. For 
a discussion of the extensive literature on absorption, excretion and 
dietary requirements of iron the reviews on iron metabolism and the 
more comprehensive papers on the subject should be consulted (6, 7, 
11, 16, 27, 65, 247, 270, 271). McCance and Widdowson have intro- 
duced the idea that the intestine controls the amount of iron absorbed 
(247, 249, 415). Recent work from Whipple’s laboratory with radio- 
active iron has strengthened this view and has indicated that the ab- 
sorption of iron from the intestine is affected or controlled by the needs 
of the body (144, 145). The factors operative in such a control are 
entirely obscure. High iron retentions, however, have been observed 
in normal and anemic subjects (65, 127, 128). The various effects of 
other dietary factors on iron absorption that have been recorded in the 
literature do not permit a correlated rational interpretation. Thus 
increased alkalinity seems to depress iron absorption and the therapeutic 
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effect of iron salts (202, 254) while acidity is favorable. High calcium 
intake or a high Ca/P ratio interferes with iron utilization according to 
some authors (205, 347), while others observed the development of 
anemia on a reduced calcium intake (89). The dissociation of iron 
salts in the intestinal tract has a marked effect on solubility and the ease 
of absorption of iron. The clinical use of iron pyrophosphate is of 
special interest in this connection (109, 282, 332). 

The therapeutic ineffectiveness of small doses of iron apparently 
cannot be satisfactorily explained on the basis of poor absorption (64, 
127, 304). Large doses of iron compounds have often been effective in 
the clinical treatment of iron deficiency anemia where smaller doses 
failed (28, 255), and their use is generally recommended (64, 127, 366, 
423, 424). The utilization of the administered iron in terms of hemo- 
globin formed is generally quite low (127) and not directly proportional 
to the dose of iron. Animal experiments have yielded similar results 
(36, 302, 414). 

In contrast, iron injected intravenously or parenterally has been 
recovered almost quantitatively as hemoglobin iron (164, 170, 173, 
414). Further work will probably show whether the lower effectiveness 
of iron administered orally in equivalent amounts can be explained solely 
on the basis of incomplete absorption. 

Clinical experience in the treatment of anemia has often indicated a 
greater efficacy of ferrous than of ferric salts (88, 237, 352, 423, 424). 
Some animal experiments have shown similar results (79, 105) while in 
others no difference could be observed (147, 390, 412). Better absorp- 
tion from the intestine is supposed to account for the superiority of 
ferrous salts (79, 105, 264). The work of Lintzel (230) has shown that 
aa-bipyridine inhibits the absorption of iron from the intestine due to 
the formation of the Fe-*+* bipyridine complex. It has been mentioned 
previously that ferric salts have a marked tendency to form complexes 
with proteins and phosphorus compounds. Their absorption may thus 
be affected. Ferrous salts, in contrast, are less susceptible to complex 
formation (16). If it is true that only ferrous salts can cross the in- 
testinal barrier, the factors affecting reduction of ferric salts in the 
intestine would have a deciding influence on the absorption of iron and 
might explain the discordant results of different investigators. This 
problem deserves closer study. 

In cases where intravenous iron therapy is desirable, the use of ferrous 
adenylate (318) and ferrous ascorbate seems promising. The latter 
compound has been used by several investigators (123, 130, 132, 172, 
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350, 365) with good results. Its use deserves further investigation. It 
may also be mentioned that ferromagnetic iron (408) has no special 
hematopoietic value (97, 401) as compared with other iron compounds. 

During recent years the ‘“‘availability”’ of iron compounds, particularly 
of the iron in natural food materials, has received considerable attention. 
Based on the observation that the iron of orally administered hemo- 
globin or hematin was not utilized by anemic animals (73, 108, 177, 
229, 283, 348), Elvehjem and associates found that the utilization of the 
iron in natural food materials by rats under standard conditions was not 
correlated with the total iron content, but corresponded to the non- 
hematin, ‘‘bipyridine iron.”” The hematin molecule apparently cannot 
be absorbed, or, if absorbed, its iron is not liberated (103). Injected 
hemoglobin or myoglobin is well utilized for hemoglobin formation 
(164, 375, 410). Iron of the hematin-proteins is readily split off in the 
formation of bile pigment while the uncombined hematin molecule is 
more resistant to disintegration (103). The theory of Bunge that only 
food iron was absorbed and utilized (66, 256) has long been discarded 
in view of the clinical effectiveness of inorganic iron salts, and now the 
new concept of “available iron’”’ has provided a more rational basis for 
the evaluation of foods as sources of iron for the organism. The agree- 
ment between chemical and bioassays for ‘‘available iron” in general 
has been satisfactory (348, 353, 354) although some discrepancies have 
been noted (24). The effect of other constituents may influence the 
absorption of the iron of the food material assayed. Modifications in 
the chemical (54, 208, 346, 380) and bioassay methods (157, 353, 354) 
may produce closer agreement of the values obtained. Further work 
is also necessary to show whether the results can be extended to species 
other than the rat (282). The criticism (148) that the term ‘available 
iron” has no physiological significance is due to misinterpretation, as 
Sturgis et al. (17) have pointed out. Studies on ‘‘available iron” have 
received clinical attention (194, 282). 

Blood iron and tron trunsport. The predominance of hemoglobin 
iron in blood is so great that the difference between total blood iron and 
that calculated from the hemoglobin content is small enough to fall 
within the limits of error of many older analytical methods. Many 
studies during the last 15 years have definitely established, however, 
that blood contains at least two other iron fractions besides hemo- 
globin: a, serum or plasma iron, and b, “easily split-off iron’ (leicht 
abspaltbares Bluteisen) in the red blood cells. Normal human blood 
serum contains about 100 micrograms of iron per 100 cc. of serum of 
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females and about 120 micrograms per 100 cc. of serum of males (173, 
263).. The ‘easily split-off iron’ of the red cells constitutes from 5 to 
10 per cent of the total iron (30, 263). Until recently the chemical 
nature of the latter fraction was uncertain although it was recognized 
early (30) that it was not associated with porphyrin. Barkan finally 
succeeded in identifying it as a component of the pseudohemoglobins, 
(the verdohemochromogens of Lemberg (221)), nonporphyrin inter- 
mediates in the breakdown of hemoglobin to bile pigment (32). The 
earlier view that it was transport iron (30) has been dropped. Instead, 
more recent studies have definitely associated the iron of the plasma 
with iron transport (173, 265). 

The following picture of iron transport seems to be valid on the basis 
of available information. Iron absorbed in the intestine, presumably 
as ferrous iron, passes directly into the bloodstream (not through the 
lymph) (264). The erythrocytes are apparently impermeable to 
iron (31, 360) added in vitro. If this is true in vivo it would indicate 
that absorbed iron is incorporated into the maturing blood cells of the 
bonemarrow very rapidly because Hahn et al. have presented evidence 
that radioactive iron appears in the red blood cells a few hours after 
feeding it to anemic dogs (145). In the plasma the ferrous iron is oxi- 
dized to ferric iron (31, 175, 360) and carried in non-dializable, complex 
form (29, 359). With the improved analytical methods marked varia- 
tions in plasma iron have been detected following iron feeding and in 
some blood dyscrasias. Thus feeding of ferrous iron causes increased 
values for serum iron which are more marked than those obtained after 
feeding of ferric salts (173, 264). The highest concentration of serum 
iron is reached in two to five hours after feeding (46, 145, 265). In 
early infancy, serum iron is greatly increased (195, 377) while iron de- 
ficiency anemias are characterized by low serum iron (173, 265, 309, 
310, 402). Clinical states of diminished hemoglobin formation not due 
to iron deficiency present high values for serum iron (155, 174, 310, 
402) which diminish during recovery. Moore et al. (265) have pointed 
out that plasma iron “‘is influenced by and a measure of a, the amount of 
iron absorbed from the gastrointestinal tract; b, the extent and adequacy 
of the iron reserves of the body; c, the ability of the bonemarrow to 
utilize iron in the synthesis of hemoglobin; d, the rate of hemoglobin 
synthesis; e, the extent of hemolysis taking place in the liver and the 
spleen.” 

Mechanism of the action of iron. ‘The function of iron as a constituent 
of hemoglobin is of course evident. But since the formation of hemo- 
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globin and of erythrocytes are interdependent, to some degree corre- 
lated processes, iron also affects erythropoiesis. The development of 
the red cells in the closed intersinusoidal capillaries takes place in a 
medium of low oxygen tension (15). The immature forms of the red 
blood cells have a measurable respiratory activity (85, 93, 158, 185, 
233, 266). The intervention of enzymes of the hematin type in the 
respiration of these cells is very probable and hence iron would be neces- 
sary for the development of the immature red cells. In this connection 
the question arises whether respiration and glycolysis of immature red 
blood cells are necessary to supply energy for the synthesis of hemo- 
globin within the cells. In iron deficiency anemia erythropoiesis is 
supposedly arrested in the normoblastic stage (143, 425). But since 
even severe anemia does not totally deplete the iron reserves, an effect 
of iron on earlier forms of cell development cannot be denied. De- 
creased porphyrin excretion in iron deficiency has been interpreted to 
indicate that iron is instrumental in the preporphyrin stage of pigment 
synthesis (104). Heilmeyer and Pléttner have reported that intrave- 
nous injections of ferrous ascorbate lead to hemoglobin synthesis in excess 
of that calculated from complete utilization of the iron supplied (173). 
If this is true in cases of uncomplicated iron deficiency, a stimulating 
action on the bonemarrow and subsequent mobilization of iron reserves 
must occur. The view that iron has a stimulating effect on erythro- 
poiesis has frequently been expressed (112, 142, 170, 189). To what 
extent the later stages of cellular differentiation are affected by hemo- 
globin synthesis remains to be determined. 

V. CopPER IN RELATION TO BLOOD FORMATION. IJnanimals. During 
their studies on nutritional anemia produced by exclusive feeding of 
milk, Hart and his associates observed that pure iron salts failed to exert 
a curative effect unless other supplements were fed (see 5). The active 
principle of these other supplements was identified as copper (161), and 
it was shown that a rapid and complete recovery is achieved by severely 
anemic rats through the combined effects or iron and copper therapy. 
McHargue et al. (253) shortly afterwards published experiments in- 
dicating that copper has a marked effect on blood formation of rats. 
The development of this work, its subsequent confirmation in many 
laboratories, and the failures reported by some others have been dis- 
cussed in the review by Elvehjem (5). The best proof for the necessity 
of copper and the ineffectiveness of pure iron salts lies in the fact that 
progressively severe and fatal anemia can be produced when the milk 
diet of young rats is supplemented with adequate doses of pure iron from 
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the time of weaning (287, 337, 389). The amounts of copper effective 
in the cure of anemia are exceedingly small; 5 micrograms of copper per 
day, added to a diet of milk and pure iron suffice for rats to initiate and 
to maintain a steady formation of hemoglobin and of erythrocytes 
(338). A more rapid response is obtained with larger amounts of cop- 
per. 

Studies on the hematopoietic effect of copper have been extended 
to several species and the results thus far have been uniformly positive 
where rigid precautions were taken to exhaust the animals of copper 
reserves and to maintain the intake of copper in the basal diet at a mini- 
mum. This applies to chickens (111), sheep (379), swine (110, 339) 
and dogs (131, 302). Even under practical conditions, localities have 
been found (277, 349) where cattle, sheep and goats suffer from copper 
deficiency and where the resulting anemia is not cured by feeding iron 
alone. The contention by Hahn and Whipple (148) that copper “has 
not been demonstrated to be lacking in any condition except nutritional 
anemia in rats and so cannot be considered in any way as a limiting fac- 
tor in the anemia of dogs due to blood loss” seems inconsistent with the 
results reported from their own laboratory (107) and with the experi- 
ences of others (131, 302). 

In man. The demonstration that copper is essential for blood for- 
mation in animals led to its clinical trial in various forms of anemia. 
The results have not been uniform, as might be expected in conditions 
of varying etiology involving small amounts of an active principle that 
is widely distributed in nature. The experience with animal experi- 
mentation has emphasized the importance of tissue storage and of 
previous dietary history in the study of trace elements. These con- 
siderations can provide an explanation for the frequent effectiveness of 
iron, without added copper, in the treatment of anemias of iron de- 
ficiency in man. Several investigators have reported that addition of 
copper to iron medication did not improve the results obtained with 
iron alone (1, 43, 88, 168, 202, 237, 240). Others have found only iso- 
lated cases in which failure of iron therapy could be corrected by copper 
salts (86, 87, 293). 

Some of the literature on the effect of copper on blood formation in 
humans has been reviewed by Hutchison (183). In his own studies he 
fed iron to anemic children for one to three weeks. When iron therapy 
was discontinued and the hemoglobin had reached a constant level, 
copper was fed, with the result that stored iron was mobilized and uti- 
lized for further hemoglobin formation. Lewis (227) reported observa- 
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tions on 34 anemic children who failed to respond to iron therapy but 
who were cured by subsequent copper and iron therapy. Usher et al. 
(396) observed a large group of infants during a prophylactic experiment 
in which the results of iron medication were compared with those of 
combined iron and copper treatment. The effect of copper on the 
production and maintenance of a higher hemoglobin level was striking. 
From 1 to 2 mgm. of added Cu per day was sufficient in this and in other 
studies (109, 183) to supplement iron therapy. Many other cases sub- 
stantiate the superior effect of copper and iron therapy in the cure of 
nutritional anemia in children, (71, 72, 189, 191, 213, 223) often achieved 
after failure of therapy with iron alone (109, 167, 293). 

The effect of copper on blood formation in anemia of adults, particu- 
larly in chronic idiopathic anemia, has also been demonstrated. Mills 
(260, 261) observed 31 cases of chronic idiopathic anemia, refractory to 
iron, which responded to copper therapy. The experience of Adamson 
and Smith (21) is similar. In view of these and other results (86, 87, 
188, 239, 334) it is evident that copper is necessary for the formation of 
hemoglobin and of erythrocytes in man as well as in animals. There 
is no evidence to date that the mineral requirements for synthesis of 
hemoglobin and for the formation of erythrocytes are qualitatively 
different in those species investigated thus far. The broad statement 
by Hahn (6) with regard to copper that ‘‘from a practical standpoint 
there is no indication whatsoever for the inclusion of this element in anemia 
therapy’’ (italics are his) hardly agrees with the facts published in the 
literature. Acute copper deficiency in man, particularly in adults, is 
perhaps not very common. No satisfactory analytical or diagnostic 
procedure is available for its detection to date, and its clinical recogni- 
tion still depends on the success or failure of empirical treatment. 

Copper storage in tissues. The liver of the young is characterized by a 
relatively high copper content at birth and provides a significant reserve 
which is drawn upon while the copper intake is low during the nursing 
period (38, 83, 146, 224, 225, 252, 268, 303). A high copper intake of 
the mother does not raise the copper content of the young appreciably 
(160, 228) but copper deficiency of the mother may decrease the copper 
reserves of the young (222). The copper content of cow’s milk is low, 
about 0.10 mgm. per liter (75); that of human milk, particularly of 
colostrum, is probably somewhat higher (135, 226, 262). During the 
development of anemia on a milk diet, the copper reserves of the tissues 
are gradually depleted to very low levels (47, 222, 339). Feeding of 
copper can restore the reserves and lead to a great accumulation of cop- 
per in the liver (58, 80). 
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During embryonic development copper becomes concentrated in the 
liver (236, 251, 303, 369, 416) which is significant in view of the hemato- 
poietic activity of embryonic liver. In the human fetus the copper con- 
centration reaches a maximum at term (303) while in the embryos of 
chickens (251) and pigs (416) the highest percent copper is attained at 
an earlier stage. 

Data on the copper content of the bonemarrow are few. Analytical 
limitations and the difficulty of obtaining satisfactory samples from 
small animals have been a serious handicap. Sarata (329) reported a 
copper content of about 3 mgm. per kgm. of red marrow and about 0.8 
mgm. for fatty marrow of rabbits. He stated that after repeated bleed- 
ings the copper content of the red marrow increased. Analyses of hu- 
man red marrow (38) and of the distal ends ribs (339) of pigs fall into 
the same range. Cunningham reported a higher copper content for the 
red marrow of a calf (83). More information on this point is needed 
particularly with respect to possible variations during different states of 
hematopoietic activity (339). 

Form of copper in tissues. In contrast to iron, copper of tissues and of 
blood can be. completely extracted with trichloracetic acid (250, 382, 
384). It is apparently loosely combined with protein (405). Gru- 
zewska and Roussel (139) have isolated an albumin fraction from calves’ 
liver containing 0.21 per cent copper. Hemocuprein and hepatocuprein, 
isolated by Mann and Keilin contained 0.34 per cent copper (241). 
In the blood, copper occurs in a non-dializable form (20, 57), probably 
combined with albumin (106). Upon addition of acid blood copper 
becomes dializable (57). Tompsett has suggested that copper in the 
erythrocytes may occur in the cuprous form, combined with glutathione 
(381, 382). 

Copper in the blood and tts variations. An extensive literature on the 
copper content of the blood has accumulated in recent years. The 
values for normal blood of different species have been tabulated in sev- 
eral papers (234, 316, 327, 382). Normally the blood of man and of 
most animals studied contains about 120-150 micrograms of copper per 
100 cc. Studies on the distribution of copper between plasma and cells 
have not given uniform results. Sarata and his associates have con- 
sistently found a relatively high concentration of copper in the red blood 
cells (328, 371). Others report a more equal partition of blood copper 
(50, 382, 386) or a higher concentration in the plasma (340). The 
relatively high copper concentration in the avian nucleated red blood 
cells is quite striking (235, 405). 

Clinically, a significant increase in blood-copper during pregnancy 
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has been observed by several authors (136, 212, 234, 321, 322, 324, 386). 
In fetal blood, at term, however, the copper concentration is much 
lower (222, 322, 324). This may be indicative of mobilization of 
copper in the mother and of storage in the fetus. Hemorrhagic anemia 
in both the acute (186, 234, 235, 320, 330, 406) and the chronic form 
(320) leads to an increased copper content of the blood. The same has 
been observed following phenylhydrazine injections in man (323) and 
in rabbits (275). Anemia of children (135, 136, 223), chlorosis (326) 
and pernicious anemia (115, 234, 326) were found to increase the copper 
content of the blood. In nutritional anemia of pigs due to copper de- 
ficiency however, the copper content of the blood decreased to extremely 
low values (340), and was restored to normal very rapidly upon feeding 
2 to 4 mgm. of copper per day. A drop in the copper content of the 
blood has also been observed in nutritional anemia of dogs (302) and 
in prolonged anemia of children (223). These changes in the copper 
content of the blood are undoubtedly directly connected with the hema- 
topoietic activity of the bonemarrow. An increased copper content of 
the blood signifies mobilization of tissue copper and presupposes ade- 
quate copper stores. The absence of a hemoglobin response to iron 
therapy in pigs with a very low copper concentration of the blood and 
the rapid response following restoration of the normal copper concen- 
tration suggest that a minimal, as yet undetermined copper concentra- 
tion of the blood is necessary for normal or rapid blood formation (340). 
Since the restoration of a normal copper content of the blood in these 
experiments was not accompanied by an appreciable accumulation of 
copper in the bonemarrow, it appears that the copper content of the 
blood has a functional significance in relation to blood formation. <A 
rapid increase of blood copper is evidently not the mere result of in- 
creased copper absorption and of transport to the tissues. The in- 
creased copper concentration in various other forms of anemia lends 
support to such a view. The hematopoietic effect of blood serum from 
animals kept under reduced oxygen tension (211) or recovering from 
hemorrhagic anemia (357) as well as of the transfusion of blood with 
added copper (325) is of interest in this connection. 

The appearace of “cuprocytes” (copper rich cells) in the circulating 
blood of rabbits during the early stages of recovery from hemorrhagic 
anemia has been reported (186). The experiments with pigs however, 
did not permit such a conclusion (340), although the experimental con- 
ditions were different. 

Mechanism of the effect of copper on blood formation. Copper is not a 
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constituent of the hemoglobin molecule (114, 140) and it has not been 
identified, up to the present, as a necessary component of the structural 
material of the circulating erythrocytes. Much evidence indicates 
that copper is not necessary for the absorption and storage of iron in 
tissues (113) but that it facilitates or is essential for the utilization of 
iron by the blood-forming organs and for the mobilization of iron from 
the tissues (26, 77, 83, 113, 183, 190, 195, 278, 302, 421). Without the 
action of sufficient iron and copper no typical reticulocyte response is 
observed during recovery from nutritional anemia of rats (338). It 
has been suggested that the production of reticulocytes depends on the 
presence of newly formed hemoglobin or its precursors in the developing 
cells (112, 338). If such is the case copper exerts its action in those 
stages of erythrogenesis preceding the reticulocyte. Histological studies 
of the bonemarrow under carefully controlled conditions should help 
to clarify this question. Several authors have suggested that copper is 
necessary only for the formation of the red blood cells but not for the 
production of hemoglobin (45, 115, 300, 335, 363). While it is true that 
a marked increase of erythrocytes can be observed when hemoglobin 
synthesis is only slow (340) it must be remembered that even the most 
severely anemic animals contain appreciable amounts of non-hemoglobin 
iron which may suffice for the maturation of hypochromic erythrocytes. 
Further work is necessary to permit a definite decision on this point. 
It appears that an intensive and correlated study of the blood with 
respect to its content of copper and plasma iron (195) and other chemical! 
and physical changes during anemia and during rapid recovery deserves 
particular attention. Together with analytical and histological studies 
of the bonemarrow under the same conditions such an approach offers 
much promise for the clarification of the complex mechanism of blood 
formation. 

Quite surprising is the observation (47, 339) that anemic rats show a 
very low copper retention during short periods of copper therapy, even 
if recovery from anemia is very rapid when iron is fed simultaneously. 
Only 4 to 5 micrograms of copper were retained daily under such con- 
ditions (339). Whether more copper was absorbed and re-excreted is 
problematical. 

The recent identification of several enzymes as copper-protein com- 
pounds (84, 200, 201, 215) emphasizes the catalytic activity of copper 
compounds. Of special interest also is the observation that copper is 
absolutely necessary for the formation and maintenance of cytochrome 
oxidase activity of rat tissues (74, 337) and that the bonemarrow in 
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copper deficiency shows a low cytochrome oxidase activity (336). 
In anemia of iron deficiency (where copper is fed), the cytochrome 
oxidase activity of rats’ marrow is distinctly increased. Copper de- 
ficiency also leads to a diminished intensity of the spectral bands of 
cytochrome A in rats’ tissues (74). 

VI. THE RELATION OF COBALT TO BLOOD FORMATION. Waltner and 
Waltner (404) reported ten years ago that feeding cobalt caused a 
polycythemia in rats. Other investigators have confirmed this observa- 
tion not only with rats (39, 60, 197, 243, 274, 287, 358) but also with 
dogs (61, 90, 91, 131, 244), pigs (358), rabbits (33, 197, 204), guinea 
pigs, mice and frogs (370) and with chickens (341). When the diet 
is copper deficient, cobalt polycythemia is not produced and rats die 
from anemia (287). The increased erythrocyte counts and hemo- 
globin values represent a true polycythemia not due to a decreased blood 
volume (286). Feeding of cobalt to animals on a diet otherwise ade- 
quate for blood formation initiates a reticulocyte response (91, 204, 243, 
284). Feeding of liver (91), injection of liver extract (243) or of ascor- 
bic acid (33) tend to counteract or nullify the effect of cobalt. 

The nature of the cobalt polycythemia is not understood. It appears 
that in the presence of other factors necessary for blood formation cobalt 
causes a hyperplasia of the bonemarrow (197, 244) followed by reticulo- 
cytosis. The suggestion has been made that cobalt inhibits the respira- 
tion of immature erythrocytes and causes their discharge into the cir- 
culation (33). 

The effect of cobalt on blood formation has assumed new significance 
with the observation that cobalt is essential for the successful nutrition 
and the prevention of anemia of sheep (56, 78, 117, 118, 394) and of 
cattle (276). Cobalt deficiency in these species is observed in some 
areas under practical farm conditions and it is prevented or cured by 
feeding cobalt salts. The tissues of sheep suffering from cobalt defi- 
ciency contained abundant amounts of iron (392). The cobalt require- 
ment is apparently very small, not more than 4 micrograms per day per 
kilo body weight of sheep. Rats on a milk diet ingest about 6 micro- 
grams cobalt per day per kgm. body weight (393). Only the use of 
purified diets or of food materials from the afflicted areas will permit a 
decision whether cobalt is generally essential for normal function of the 
hematopoietic organs. It is of interest to note that commercial iron 
salts as used in massive doses for the treatment of anemia contain 
small but perhaps significant amounts of cobalt (391). 

The cases where cobalt has been used clinically for the cure of anemia 
are too few to permit conclusions (35, 82, 197, 403). 
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VII. THE EFFECT OF OTHER METALS ON BLOOD FORMATION. Calcium. 
A microcytic polycythemia in rats has been produced by Smith and 
Swanson and their associates on diets with a very low salt content (351, 
372, 373, 374). The condition develops gradually and uniformly, and 
it is apparently not due to changes in blood volume. Orten et al. 
(285) studied this condition further and concluded that it is primarily a 
result of lacking calcium and/or iron. Day and Stein (92) however 
suggested that the distorted, low Ca/P ratio of such diets is responsible 
for suppressed absorption of iron. This may account for the hypo- 
chromia but the true cause of the polycythemia has not been explained 
satisfactorily. The effect of calcium and particularly of phosphorus on 
the absorption of iron deserves close consideration. 

Other metals. The claims made for the hematopoietic effect of ger- 
manium dioxide have been reviewed and discussed in the review by 
Robscheit-Robbins (9). Nothing has been published since that time 
to alter her conclusions that germanium dioxide has no effect on blood 
formation. The same applies to the reports that manganese, zine and 
vanadium affect the reticulocyte response of anemic rats. Elvehjem 
(5) has discussed and explained the basis of those claims. ‘To date there 
is no evidence that metallic elements other than iron, copper and cobalt 
have any direct effect on the formation of erythrocytes and hemoglobin. 
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IMMUNITY IN INVERTEBRATES 


CLAY G. HUFF 
Department of Bacteriology and Parasitology, The University of Chicago 


The scientific study of the principles and mechanisms of immunity in 
invertebrate animals is in its infancy. Consequently, the literature 
dealing with it is meager and widely scattered. The investigators have 
often had an interest in it only incidental to some other problem. No 
comprehensive review in English has yet been made, but an excellent 
review of the literature up to 1922 was made by Cantacuzéne (31) and a 
few other reviews appeared previous to (69, 150) and since that time 
(43, 101, 127, 128, 151). This review is an attempt to collect and to 
evaluate the more important of the works in this field. 

The scope will be restricted to metazoan invertebrates, not because of 
any belief that the immunity principles in the protista are essentially 
different from those in the metazoa, but because the literature on the 
former has already received more extensive treatment. The scant 
literature on non-vertebrate Chordata is, however, included for the sake 
of convenience, since it will probably not be found in most discussions 
of vertebrate immunology. 

A word of caution seems to be necessary against the use of the term 
“invertebrate immunity” instead of the one used here in the title, 
since it might be interpreted in the sense of metazoan immunity, or the 
immunity in vertebrates to the invertebrate parasites. The term 
“comparative immunology” has been proposed for this field (150) but 
it is believed that it might be misinterpreted to mean comparative as 
between immunology of man and of animals. 

Natural immunity. In the invertebrates, as in other organisms, 
natural immunity and susceptibility to microérganisms and their 
products is a characteristic of the species, and often of the individual. 
This is exemplified by the failure of Agregata eberthi, a coccidian parasite 
of cuttlefish, to develop in Portunus puber, even though it develops well 
in various other species of the Portunidae (107); by the complete 
immunity of the bee-moth (Galleria mellonella) to many organisms 
pathogenic for higher animals, such as many strains of the tubercle 
bacillus, the diphtheria bacillus, various streptococci, Mycobacterium 
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leprae and Pasteurella pestis (118, 121, 122, 135); by the natural im- 
munity of silkworms to Coccobacillus acridiorum (d’Herelle) which is 
very pathogenic for ants, crickets and various caterpillars (39), and by 
the natural immunities to species of human and avian malarial parasites 
shown respectively by most species of culicine and anopheline mos- 
quitoes. It is impossible, at present, to predict whether any species 
of invertebrate not already tested with a specific microbe will be natu- 
rally susceptible or immune to the latter or its products. However, a 
certain generalization has been made in respect to the immunity of the 
invertebrates and the vertebrates to the organisms pathogenic to the 
vertebrates and invertebrates respectively (1, 16, 118, 120, 121, 189). 
Thus the microérganisms tested against caterpillars of the bee-moth 
could be divided into three groups according to the natural immunity 
shown by the caterpillars to them. The first group to which the cater- 
pillars showed complete immunity contained, for the most part, organ- 
isms pathogenic to higher animals, such as Mycobacterium tuberculosis, 
Corynebacterium diphtheriae, streptococci, Cl. tetant, P. testis and T'ry- 
panosoma brucet. Group 2, to which the caterpillars showed an in- 
complete immunity, contained such organisms as Staphylococcus aureus, 
Cl. perfringens, Pasteurella aviseptica, Vibrion septique, and Vzibrio 
cholerae. ‘The organisms of group 3, to which there was no immunity 
even to very small doses, contained organisms less pathogenic or poten- 
tially pathogenic to higher animals, such as Bact. coli, Ps. pyocyaneus, 
Bact. prodigiosus, B. subtilis, P. proteus and B. anthracoides. Such a 
general rule is not without its exceptions; for example, caterpillars of 
Achraea grisella are susceptible to piscine strains of tubercle bacilli 
when kept at room temperature (117) and the caterpillars of the bee- 
moth are very susceptible to infection with cholera vibrios and dysentery 
bacilli (134). 

A classic example of individual natural immunity is the resistance 
shown by a few individual silkworms to Nosema bombycis, the causative 
agent of pébrine (154). Thanks to this individual immunity, Pasteur 
was able to breed resistant stocks of silkworms. These cases of individ- 
ual immunity are particularly well known among species of insects 
acting as vectors of disease in man and other vertebrates. Species of 
avian Plasmodium especially have been studied in this respect. When 
many individuals of the mosquito, Culex pipiens, sucked avian blood 
containing thousands of infective forms of Plasmodium cathemerium or 
P. relictum some of them became heavily infected, others lightly infected 
and the remainder escaped infection entirely, even though they were 
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given more than one infective meal (86, 88). Selection of progenies 
from susceptible and insusceptible females gave respectively stocks with 
increasing and decreasing degrees of susceptibility (87). This char- 
acter of insusceptibility behaved as a Mendelian dominant (89). Fur- 
thermore, indirect evidence gained by statistical studies of the numbers 
of normal parasites resulting from two spaced, infective meals showed 
that the degree of susceptibility is an individual character, probably 
hereditary (89, 90). It has also been shown that the average sizes of 
the odcysts of various strains of these species of Plasmodium grown in 
Culex pipiens under carefully controlled environmental conditions often 
differ significantly in different individual mosquitoes (91), which indi- 
cates that the rate of growth of the parasite is to some extent conditioned 
by the constitution of the individual insect. In this natural immunity 
the barrier seems to be the intestinal wall, since development of the 
parasite proceeds to the odkinete stage as well in insusceptible mosqui- 
toes as in susceptible ones (86, 90, 142). This is also the case with 
Agregata eberthi in Portunus mentioned above (107). The susceptibility 
and insusceptibility of a leafhopper, Cicadella mbila, to the virus of streak 
disease of maize has been shown to be hereditary and in this case sus- 
ceptibility is dominant and sex-linked (170). 

The experiments on natural immunity in invertebrates constitute a 
bare beginning in this field but they have gone far enough to indicate 
that the mechanisms which determine whether an invertebrate will 
become infected with a given microérganism are complex and that 
some of them, at least, are inherent characteristics of the individual, as 
they are in the case of vertebrates. 

Acquired immunity. Although very little is known about the im- 
munity in invertebrates which may be acquired as a result of natural 
infections, a considerable number of studies has been made upon the 
experimental production of immunity, or phenomena ordinarily con- 
sidered as accompaniments of immunity. Attempts to produce im- 
munity or immune phenomena were at first so uniformly negative as 
to lead to the belief that acquired immunity did not exist in inverte- 
brates. Some of these failures can now be explained by the use of 
organisms having no pathogenicity for the invertebrate used or by the 
use of techniques peculiar to mammalian immunology. The many hit- 
and-miss attempts to produce antibodies in invertebrates by whatever 
antigens happened to be convenient can be best discussed in the section 
dealing with the principles of immunity. Let it suffice now to give some 
of the examples of success and failure to establish experimentally an 
acquired immunity to various infectious agents. The marine spoon- 
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worm, Sipunculus nudus, (GEPHYREA), has been immunized by four 
vaccinations at 6 to 10 hour intervals of a vibrio isolated from this 
species of animal (28). Most of the other successes have been met in 
attempts to immunize insects. Caterpillars of Agrotis segetum (Noc- 
TUIDAE) have been immunized against Bacillus melolonthae-non-lique- 
fasciens by inoculating them with a three-month’s old culture (146). 
Twenty-four hours after the vaccination these caterpillars were com- 
pletely immune to doses of the virulent culture lethal to non-vaccinated 
controls. Silkworms have been similarly immunized against organisms 
causing a ‘‘Flacherie’’-like disease by inoculating them with a killed 
culture of the organisms (70). Other caterpillars successfully vac- 
cinated against bacteria pathogenic for them are: Pyrausta nubilalis 
(PYRALIDAE) (129), Galleria mellonella (42, 94, 95, 120) and Pieris bras- 
sicae (PIERIDAE) (85). Insects belonging to other orders which have 
been successfully immunized are: Carausius morosus (ORTHOPTERA) 
(135, 189) and honey-bees (HYMENOPTERA) (136, 176, 177). 

There are numerous examples of inability on the part of the inver- 
tebrate to develop an immunity to an invader or an antibody to some 
foreign substance. Insects appear to have poor powers of overcoming 
parasitic protozoa, fungi (3) and insects (169, 174) once these organisms 
have invaded their tissues. In many cases there is a complete absence 
of phagocytosis or other apparent immune phenomena. Culex mos- 
quitoes do not acquire an immunity against avian Plasmodium through a 
natural infection of the latter (88, 165). Cockroaches (Periplaneta 
orientalis) and crayfish (Astacus fluviatilis) could not be immunized 
experimentally against Bact. coli and Ps. pyocyaneus (45). There have 
been no successes in producing antibodies in echinoderms and annelids, 
and excepting Helix pomatia, none in molluscs. 

Most of the authors who have been successful in the production of 
acquired immunity have remarked about the rapidity of its appearance. 
In most cases it has appeared to be only a matter of a few hours (132, 
134) to a day until it was established (146, 176). The methods used 
successfully in bringing about the active, acquired immunity are: a, 
injection of microérganisms heated to 60°C. for 30 minutes; b, injection 
of aged cultures; c, injection of minimum doses of young cultures, and 
d, the use of bacteriophage. Although some success has been attained 
in producing immunity by feeding the vaccine to the insects, the method 
has proved to be inefficient. It has been found that there is an optimum 
titre for the vaccine beyond which vaccination may prove to be less 
effective or even fatal to the insect (132, 191). 

The specificity of the acquired immunity is open to question. Some 
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of the earlier studied cases were claimed to be as specific as acquired 
immunity in mammals (150). The bee-moth has been immunized 
against the cholera vibrio by the infection of Bact. coli, anthrax bacilli, 
and others and with Chinese ink as well as with the specific vaccine 
(95). While it was claimed that this non-specific immunity was main- 
tained throughout the life of the caterpillar, there was evidence that 
vaccinations by the specific vaccine yielded the stronger and more 
stable immunity. However, in one instance, caterpillars immunized 
by means of heated cultures of Micrococcus galleriae no. 3 and Bact. 
galleriae exhibited a stronger immunity against cholera than those 
vaccinated with the specific microbe (95). Extension of the work on 
the bee-moth to include such antigens as bouillon, horse serum, and a 
variety of other bacteria and the use of test organisms other than cholera 
vibrios has yielded similar results and has, in addition, shown the absence 
of specificity in vitro as well as in vivo (41, 188). That the bee-moth is 
not unique in the production of this non-specific immunity is shown by 
similar success in immunizing Carausius morosus (ORTHOPTERA) (190). 
In all of these latter cases, however, the specific immunity lasts longer 
than the non-specific, and in one case, at least, the former lasts still 
longer following repeated vaccinations of the specific organism (190). 
It seems reasonable to conjecture that at least some of the precocity in 
the appearance of acquired immunity may be due to a very rapid non- 
specific response to the vaccine. 

A few attempts have been made to transfer passively the immunity 
acquired in one bee-moth caterpillar to a non-immune caterpillar (42, 
183, 184, 185, 186). By transferring blood from the former to the 
latter it has been claimed that an immunity against the Danysz bacillus 
has been acquired within three hours (183). By separating cells from 
plasma of the blood of the immune caterpillar it was possible to confer 
passive immunity by either separately (185). Immunity could not be 
conferred to the same degree by the inoculation of blood from non- 
vaccinated caterpillars as from vaccinated ones. The question of 
specificity of this passive immunity is also still open. While there is 
some evidence of specificity, it seems necessary to point out that in one 
case there was better protection in the bee-moth against Coccobacillus 
acridiorum by transfer of blood from caterpillars vaccinated with heated 
Danysz bacilli than from those vaccinated with the former organisms 
(184), and that the so-called passive immunity is of very short duration. 
Results comparable to the cases cited above have been obtained by 
injecting into normal caterpillars of Agrotis segetum mixtures of B. 
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melolonthae-non-liquefasciens and blood from other normal caterpillars 
which have stood for some time (190). 

Caterpillars have been employed in studying the possible effects of 
the nervous system upon the production of immunity. Caterpillars of 
Galleria mellonella which have had their cerebral ganglia and first two 
thoracic ganglia destroyed or which had been decapitated or deprived of 
head and first two thoracic segments all were immunized as easily as 
whole caterpillars (44, 128). Those in which the third thoracic ganglion 
was destroyed could not be immunized (128, 167). It should be noted, 
however, that this operation is a much more serious one for the cater- 
pillars. Therefore, instead of interpreting this experiment as showing 
some peculiar importance of the third thoracic ganglion in the produc- 
tion of immunity, it seems possible that the loss of these ganglia has 
such a serious general effect on the caterpillar as to interfere with most 
of its physiological functions, including the production of immunity. 
When tight ligatures are placed around bee-moth caterpillars they 
continue to live 2 to 3 weeks, the posterior portion usually outliving the 
anterior portion. The two portions could be separately immunized, 
so that by proper selection of controls and by immunizing the two 
portions separately, results were obtained which seemed to indicate that 
the immunity was passed through the ligature by means of the nerve 
tracts (63, 64, 130, 131). It is easy to concede that some immune 
principle may have passed along the nerve tract, since to be alive nerve 
tracts would need to receive some blood supply. It seems, therefore, 
unnecessary to postulate a purely nervous transfer of the immunity. 

Claims have been made that acquired immunity is hereditarily trans- 
ferred from one generation of bee-moth caterpillars to another (126, 
128). The experiment was done by immunizing a portion of each 
generation of caterpillars two or three times by injecting very small 
doses of cholera vibrios and then injecting all of them with minimal 
lethal doses of the same organisms and after 3 or 4 days counting the 
living and dead caterpillars, and calculating the percentage of the former. 
There was a rapid increase in the percentage of living caterpillars after 
two generations. This was interpreted as an inheritance of acquired 
immunity. It would seem more likely that the percentage of naturally 
immune individuals increased from one generation to the next by natu- 
ral selection. The more susceptible individuals would die and fail to 
pass their higher degree of natural susceptibility on to the following 
generation. As mentioned in the section on natural immunity, the 
percentage of individual Culex mosquitoes susceptible to avian malaria 
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has been found to increase or decrease from generation to generation 
according to whether progenies were taken from susceptible or non- 
susceptible individuals (87). 

Some puzzling examples of acquired immunity to chemicals, com- 
parable to drug resistance in protozoa, are known in scale insects. Thus 
the San José scale (Aspidiotus perniciosus) and the citrus red scale 
(Chrysomphalus aurantiz) are known to develop races resistant to lime- 
sulphur sprays and hydrocyanic acid fumigation respectively (115, 160). 
The mechanism of this newly acquired resistance is no better understood 
than it is in protozoa. 

Cellular immunity. The discussion of the mechanisms by which 
invertebrates acquire and maintain immunity to infective organisms 
and the products of the latter will be divided into two portions, dealing 
separately with cellular and humoral reactions. Cellular immunity, 
or phagocytosis, results from the activity of the circulating cells of the 
blood and of the fixed cells which are phagocytic. The latter, as we 
shall see, may be dispersed, loosely arranged, or may comprise definite 
organs peculiarly adapted to the phagocytic function. 

The literature on the blood cells of invertebrates and their origins is 
too voluminous to be reviewed in detail here. The earliest works were 
concerned chiefly with morphological studies of these cells and with 
conjectures as to their origin, function, and method of replacement 
(48, 66, 71, 72, 100, 111, 113, 141, 163, 164, 182). More recently the 
attention has been turned to attempts to classify the blood cells of the 
various groups, but the major interest has been in the cells of insects 
(47, 58, 74, 77, 82, 93, 102, 114, 136, 159, 181). In view of the great 
differences of opinion which exist upon the subject of the origin and 
classification of the blood elements of vertebrates, a comparatively 
homogeneous group, it is not surprising that there is not unanimity upon 
similar questions in relation to the invertebrates. 

The blood cells of invertebrates may, in general, be likened to the 
lymphoid series in vertebrates. With certain possible exceptions, such 
as the hemamebocytes of terrestrial oligochaetes which secrete hemo- 
globin (112), we may say that the erythrocyte series is missing in the 
invertebrates. Blood cells are almost invariably found where there is 
any kind of lymph, hemolymph, or blood. 

We lack a satisfactory comparative study of the blood cells of in- 
vertebrates. Many of the classes have been very little studied. In 
other classes such as the Crustacea (171) and Annelida (15) excellent 
studies have been made of a few forms, but comprehensive studies of the 
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various orders within the class do not exist. The insects, and particu- 
larly lepidoptera, have received the greatest attention. Since most of 
the studies on immunity have also been made upon lepidoptera, our 
attention will be centered upon the blood cells of that group. Cameron 
(16) has recently given us a critical review on this subject and, for con- 
venience, we shall adopt the nomenclature used by him. The primitive 
cells with deeply staining, round nuclei and small amount of cytoplasm 
are the lymphocytes. They are actively ameboid and were referred to 
in the earlier literature as amebocytes and more recently they have been 
called proleucocytes (76) and macronucleocytes (144). A continuous 
series of transitional forms connects these cells with the leucocytes. 
The latter are larger than lymphocytes, have abundant, lightly stained 
cytoplasm, with occasional granules and vacuoles, and are strongly 
phagocytic. They have also been called large amebocytes, micro- 
nucleocytes, and phagocytes. The spherule cells are characterized by 
the presence of numerous, large acidophilic spherules which practically 
fill the cytoplasm and which are eventually liberated from the cell and 
which rapidly disappear in the plasma. The oenocytes (also called 
cerodecytes (79)) are huge cells associated with the fat-body with ho- 
mogeneous cytoplasm and deeply-staining nucleus. First described 
by Wielowiejski (182), their function has since been a matter of con- 
troversy (68). Such abnormal elements as giant cells and teratocytes 
will be discussed under cellular reactions. 

The blood cells (of insects, at least) have their origin in the undiffer- 
entiated mesoderm of the embryo (181). They are replaced either by 
division in the blood or by special lymphogenous organs (48). The 
lymphogenous organs, or lymph glands, are constituted of lymphoid 
tissue formed of young cells showing the characteristics of the primitive 
blood cells, grouped in nodules and held in place by connective tissue. 
They are found along the blood sinuses, but their number and disposition 
are quite variable (12). Distinct from these are the nephro-phagocytes; 
they are large, fixed cells with one or two nuclei, ovoid or elongated, and 
are either generally distributed or concentrated in masses. They have 
the dual functions of excretion and phagocytosis. The phagocytic 
organs are formed of a reticular network, the meshes of which are filled 
with phagocytes identical in appearance and function with the non- 
granular leucocytes of the blood. They are usually situated in the 
pericardial space in such a position that the blood must traverse them 
in reaching the heart (102). It is not possible at present to be very 
definite about the distribution of these organs in the various classes of 
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invertebrates, because they have often been confused one with another 
and also because some classes have not yet been carefully investigated. 
Lymphogenous organs have been described in annelids (probably phago- 
cytic, 102, 104), orthoptera (47, 49, 55, 56, 102), scorpions (103), 
crustacea (7, 8, 11, 13) and cephalopod molluscs (102), although in 
almost every case there is controversy over the function of the structures 
described. We definitely know that they are missing in most of the 
insects (102) and in some crustacea (Phyllopods, 52). Phagocytic 
organs have been described in nematodes (98, 140), annelids (chae- 
topods, and hirudinea, 51), crustacea (5, 7-13), myriapods (31), insects 
(47, 55, 56, 102), diplopods (6), prosobranch (48) and opisthobranch 
molluses (31), but again it is not clear in all of these cases that the organs 
are phagocytic in function. 

The classic studies of Metchnikoff (137) on phagocytosis in Daphnia 
clearly demonstrated the importance of this process in the defense of the 
organism, and pointed the way to the comprehensive study of the phe- 
nomenon in higher animals. He showed that a definite relationship 
exists between the activity of the phagocytes of Daphnia against the 
spores of Monospora and the ability of the Daphnia to recover from the 
infection. In his more comprehensive study (138), other invertebrates 
such as starfish and insects were included. Other investigators took 
up similar studies on other organisms, for example, the infection of 
Talitrus (CrusTacEA) with Oidium (75) and of Gryllus (ORTHOPTERA) 
with a coelomic gregarine (46). It was noted, however, even in these 
early studies (46, 138), that phagocytosis was lacking in some cases, 
particularly in cases of insects attacked by nematodes, fungi, and para- 
sitic larvae of hymenoptera and diptera. 

With the recognition of the importance of phagocytosis in vertebrates 
the study of the phenomenon in invertebrates was practically abandoned 
for about 25 to 30 years. We have had, however, in the past 10 to 15 
years a revival of interest in the latter field and a recognition of the value 
of including the invertebrates in studies on the general phenomenon of 
phagocytosis. Most of this later interest has centered in the insects. 
Before turning to a discussion of it, we should, however, mention the 
few studies made in other classes. Phagocytosis has been shown to be 
important in protecting the marine annelid, Polymnia nebulosa, against 
the coelomic coccidian, Caryotropha mesnili, whereas it was inactive 
against a coelomic infusorian (166). It is known to occur in molluscs, 
where it is thought to have a normal excretory function which may, 
under abnormal conditions, be greatly exaggerated (14, 62). In star- 
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fish it has been shown that foreign substances injected into the coelom 
are phagocytosed and carried through the walls of the branchial tubules 
and deposited outside the body (50). In these cases, however, it is not 
known to what extent phagocytosis protects the animal against and 
during infection. The efficacy of the phagocytic organs (buschelform- 
igen organe) of Ascaris megalocephala (NEMATHELMINTHES) in removing 
bacteria injected into the body cavity is shown by the fact that these 
microorganisms begin to disappear 4 hours after injection and are sub- 
sequently found in large numbers within the phagocytic organs (124). 
In the Lumbricidae phagocytosis is effective in removing all foreign 
and waste materials except fat (15). Such groups as the arachnida, 
myriapoda and the more primitive forms from rotifers down have been 
practically neglected in respect to the importance of phagocytosis in 
their defense. 

The bee-moth, Galleria mellonella, particularly in its caterpillar stage, 
has come to play in invertebrate immunology a réle similar to that 
played by guinea pigs or rabbits in mammalian immunology. The fact 
that it normally feeds upon beeswax led to its use in studies upon diges- 
tion of the tubercle bacillus (2, 116, 117, 119, 121, 122, 128). Although 
it has proved to be admirably adapted to laboratory rearing and to ex- 
periments of this kind, there is evidently no peculiar relationship be- 
tween its ability to digest wax and its ability to phagocytose tubercle 
bacilli (82, 84). The phagocytes of caterpillars which do not live upon 
wax (Pieris, Aporia, Macrothylacia, Lithosia) dispose of tubercle bacilli 
as readily as do those of Galleria (83). 

The most important réle in phagocytosis in lepidoptera is played by 
the leucocytes (16, 43, 73, 82, 123, 129), and this is likewise true for bee 
larvae (177). Next in importance are the lymphocytes. The spherule 
cells occasionally are phagocytic; the oenocytes are not. Following 
experimental infection the numbers of lymphocytes increase from about 
40 to 45 per cent to 80 per cent or more in the first 12 hours. The per- 
centage of leucocytes decreases from 50 or 60 per cent to nearly 10 per 
cent in the same period of time (16, 123, 172). There is an appreciable 
increase in spherule cells, which then lose their spherules and disinte- 
grate. There is very little change in numbers of oenocytes. The in- 
crease in lymphocytes appears to be due to hematopoietic stimulation and 
its rapidity to the fact that the cells increase only by division of existing 
blood cells which are all in immediate contact with the stimulating 
substance. This increased hematopoiesis is often accompanied, as in 
vertebrates, by an abnormally large number of mitotic cells, a phe- 
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nomenon described as karyokinetosis by Paillot (145, 147, 150), who at- 
tributed peculiar importance to it in immunity. The chief difference in 
phagocytic response in normal and immunized caterpillars is the in- 
creased rate of phagocytosis in the latter (16, 128). 

No definite case of the production of specific opsonins in invertebrates 
has come to my attention. Certain marine invertebrates have been 
shown to have some normal opsonic power which is lost when the leuco- 
cytes are washed (162). It was possible, moreover, to raise the opsonic 
index in Sipunculus nudus (GEPHYREA) from 0.27 in normal animals 
to 1.06 in vaccinated animals (31). 

Phagocytosis, to be effective, must dispose of foreign substances 
either by intracellular digestion or by segregation or elimination of the 
undigestible particles. Segregation by nodule or cyst formation is 
common in insects. It has been seen in crickets against nematode and 
gregarine parasites (47), in a bettle, Dytiscus marginalis, against a dis- 
tome parasite (80), in a meal-bug, Jcaurus, against a sporozoén (106), 
and in caterpillar larvae (Galleria, Pieris, Aporia) against tubercle 
bacilli. The nodule formation against tubercle bacilli has been likened 
to tuberculous nodules in mammals by one writer (128), but others have 
claimed that the reaction is non-specific (16, 84, 96), since aseptic for- 
eign bodies elicit the same response, and since these nodules in insects 
are simply formed of layers of leucocytes around the phagocytosed 
material (82) and that giant cells, true connective tissue, and caseation 
are absent (16). The claim that nodule formation is especially effective 
in disposing of living microérganisms (128) is also met with the opposite 
finding that the living organisms can be cultivated from the nodules 
during the remainder of the life of the insect (16, 82). Segregation of 
material in earthworms has been shown to be effected by transference 
of foreign substances to the terminal segments of the worm which are 
then cast off by autotomy (15). 

The importance of the fat-body (155, 156, 158), the various types of 
phagocytic organs, and the pericardial cells in immunity has not been 
intensively investigated. However, the pericardial cells have been 
shown to have particular importance in disposing of foreign substances 
in caterpillars (1, 16). 

Structures called giant cells have been found around parasitic fungi, 
inert foreign bodies, and tubercle bacilli in Galleria (3, 96, 128) and 
around leprosy bacilli in Galleria and Carausius (135), but have not 
been seen in Pieris and Aporia having tuberculous infections (82). 
The same term has frequently been applied to cells found in lepidoptera 
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parasitized by hymenoptera. These cells, which have been called 
teratocytes (79), are 90u to 100y in size with a large polylobed nucleus 
composed of fine chromatin grains. While the endogenous origin of 
these cells has been defended by some writers (79, 81, 152), others have 
very convincingly shown them to be surviving cells from the serosa of 
the parasite which have continued to grow in the body of the host 
(97, 153, 168). 

In some invertebrates which have no circulation of blood there exist 
curious ciliated structures, called urns because of their shape, which 
swim about in the blood and differentially select foreign particles from 
their own normal blood cells and agglutinate the former into a mass on 
their trailing ends where phagocytosis is effected by the blood leucocytes 
(53). These are found in certain species of Sipunculus and Phascolosoma 
(GEPHYREA). There are also fixed urns in the former genus and in the 
Synaptidae (ECHINODERMATA). Functionally similar organs, although 
differing greatly in structure, are the ciliophagocytic organs of annelids 
(51). Although all of these organs actively remove foreign particles 
from the blood, extensive studies have only been made on the part they 
play in immunity in Sipunculus nudus (31). 

At this point it is noted that invertebrates show very little reaction 
to carcinogenic substances. Some of them are, however, susceptible to 
infection with Bact. tumefaciens which releases important cellular re- 
actions (175). Neoplasms are formed in Nerets (ANNELIDA) following 
inoculations of these bacteria, but only in those individuals already 
having granuloma-like processes resulting from odcyte degeneration. 
This tissue enters suddenly into proliferation, invades, destroys and 
replaces neighboring tissue (173). The infrequence of neoplasms in 
invertebrates has been attributed by one writer to the fact that the cells 
of this group retain their embryonic character (61). 

Humoral immunity. The spectacular part played by phagocytosis 
in the immune processes in invertebrates, together with early failures 
to demonstrate humoral antibodies, was responsible for the idea which 
prevailed for some time that invertebrates are incapable of forming 
antibodies. During the past twenty years a number of undisputed 
examples of the production of such antibodies have been clearly demon- 
strated, and these two decades have seen a heightened interest in this 
branch of immunology. Limits of space will prevent a detailed dis- 
cussion of this literature. It has, therefore, seemed best to present a 
table of the more important literature in this field, arranged in such a 
manner as to allow the reader to delve into such aspects of it as happen 
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to interest him most (table 1), and also as to display certain general 
characteristics of the work. Great caution should, however, be ob- 
served against taking the results, so tabulated, at their face values, for 
in almost every case, qualifications need to be made in regard to the 
positive or negative results recorded. In truth, the question may even 
be rightfully raised as to the advisability of using the same words, such 
as bacteriolysis, as are used in mammalian immunology, for processes 
which in invertebrates are not definitely known to be comparable. 
We shall now turn to a discussion of such general conclusions as can be 
drawn, without attempting to give individual attention to many of the 
investigations upon which these conclusions are based. 

Complement, as we know it in vertebrates, has not yet been demon- 
strated in any invertebrate. There are, however, examples of comple- 
mentary action, that is, serums of invertebrates hemolytic in themselves 
are capable of producing hemolysis in a sensitized system in dilutions 
incapable of producing it on non-sensitized red cells. Thus, the serum 
of Eupagurus prideauxti, which is naturally hemolytic for normal sheep 
cells in low dilutions, will hemolyze sheep cells sensitized by anti-sheep 
serum in much greater dilutions (31). Another example is to be found 
in the behavior of arachnolysin in certain spiders (EPErRIDAE). The 
arachnolysin from the eggs of Epeira diademata is inactivated by heating 
to 62°C., but it is reactivated by very small amounts of unheated eggs 
from the same species or from a closely related species, Meta segmentata, 
which do not contain the arachnolysin (108-110). Cantacuzéne has 
raised the interesting question as to whether one of the essential con- 
stituents of complement may be missing in invertebrates (31). It has 
been shown that the blood of Heliz is lacking in serum albumins (54). 
Could its lack of complementary action be due to such a deficiency? 

As table 1 shows, natural antibodies are abundantly represented in the 
invertebrates. The sera of many different forms bring about agglutina- 
tion, precipitation, and lysis of widely different antigens. These are, 
of course, non-specific, as shown in the typical case of the natural 
hemolysin of Eupagurus prideauxii, which can be absorbed by typhoid 
bacilli. Natural agglutinins are abundant, lysins less frequent, and 
precipitins quite scarce. The majority of these have been found to be 
thermolabile. In addition, a substance has been demonstrated in the 
serum of Maza which impedes the action of rabbit complement on a 
rabbit-sheep-hemolytic system (24, 26). Moreover, if this substance is 
absorbed by non-sensitized erythrocytes, it retards considerably their 
hemolysis by the serum of Maia vaccinated against the red cells. The 
name of “opposing antibody” has been suggested for this substance. 
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A number of highly thermostable substances are also found to occur 
naturally in invertebrates. A Sclerostome of the horse contains a 
erystallizable organic substance capable of hemolyzing the erythrocytes 
of the horse. Its hemolytic property is not all lost by heating to 
120°C. (179, 180). Apparently similar substances in other worms 
(principally cestodes) have been found to be highly bactericidal to a 
wide variety of bacteria (99, 157, 178). A powerful bactericidal prin- 
ciple has been demonstrated in the stomachs of many arthropods 
(59). This substance withstands drying and temperatures up to 120°C., 
is not destroyed by tryptic digestion, nor by precipitation with alcohol 
or acetone. While these thermostable substances cannot be termed 
antibodies, it is clear that they must be effective in protecting the ani- 
mals against the organisms likely to invade them. 

Successful production, by infection or vaccination, of precipitins, 
agglutinins, and lysins possessing a certain degree of specificity has also 
been effected in a number of cases (see table 1). In a great many cases 
artificial vaccination seems not only to strengthen the natural antibody 
already present, but to impress a certain degree of specificity upon it. 
The appearance of the phenomenon of bacteriolysis in insects which 
have been vaccinated is one of the clearest cases of artificially produced 
humoral immunity (125, 129, 146, 187). The striking difference, how- 
ever, between these bacteriolysins and the bacteriolysins as we know 
them in vertebrate immunology lies in the fact that the former cannot be 
divided by heating into two portions (148). Not all bacterolytic power 
islost even at 75°C. If we are to apply the term “bacteriolysin” to these 
substances, we shall need to broaden our concept of this phenomenon. 

Experimental demonstration of antitoxic action in invertebrates has 
failed for the most part because of lack of susceptibility of invertebrate 
cells for known toxins (127, 139). Diphtheria toxin has, however, been 
found to be toxic for caterpillars of Galleria mellonella, and an immunity 
has been produced in the latter by the use of anatoxin (42, 43). An 
antitoxic immunity has been shown to exist in Eupagurus prideauxit 
against the substance in its coelenterate parasite, Adamsia palliata, 
which is highly toxic for many crustacea, echinoderms, molluses and 
sipunculoidea (32 to 35). It is impossible at present to determine 
whether this is a case of natural or acquired immunity, since all crabs 
of this species are parasitized. 

The reactions of agglutination or lysis which occur in the proximity 
of cells, even though the same reactions do not occur in the blood of 
animals, have been called “reactions of contact”? (31, 38, 40, 151). 
They make excellent cases for speculation on the evolutionary origin 
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of humoral reactions in animals, but the number of facts we possess in 
regard to them is insufficient to be conclusive as to their nature. 

Hypersensitivity. Very little attention has been paid to questions of 
hypersensitivity and anaphylaxis in invertebrates. A hypersensitivity 
in bee moth and other caterpillars develops after vaccination with 
cholera vibrios (133). Anaphylaxis has been experimentally produced 
in crayfish by the use of human serum (105) and in earthworms by rabbit 
serum (161). 


CONCLUSIONS 


In the invertebrates a natural immunity to the attacks of many 
infective organisms and their noxious products is the first line of defense. 
This natural immunity is poorly understood, but it is the result of com- 
plex processes, including phagocytosis and natural antibodies, many of 
which are probably inherent. Phagocytosis plays a spectacular part in 
immunity and, as in vertebrates, is effected both by free and fixed 
phagocytic cells. It is ineffective in some cases. There are examples of 
acquired immunity—both active and passive—in invertebrates, but the 
specificity of such immunity is open to some question. Antibodies may 
be produced following vaccination or infection, but these result most 
successfully when natural antibodies already exist. These antibodies 
differ widely from the corresponding ones in vertebrates, as exemplified 
by the bacteriolysins which are highly thermostable. No complement 
has been found, but complementary actions occur. It is too early yet 
to attempt to evaluate the relative parts played by the various immune 
mechanisms in protecting the invertebrates. 
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It has become increasingly evident within recent years that anti- 
bodies are not the mysterious agents they were once supposed to be, 
but are, in fact, serum globulins which have been specifically modified 
in response to antigenic stimulation (1, 2, 3). Why they appear is 
not known. Zinsser has suggested that they probably arise during 
immunization because of the presence in the tissues of foreign, non- 
diffusible colloids which, in order to be excreted or utilized, must be 
broken down into diffusible forms (4). If this is true the immune re- 
actions may be considered as the outgrowth of an evolutionary biological 
digestive mechanism developed for maintaining the specificity of the 
body’s proteins (5); in the processes of immunity ‘“‘the many different 
sorts of proteins are disintegrated into their building stones, the amino 
acids, and so the individuality of the food proteins is lost before their 
absorption” (6). 

Although many descriptive names have been given to antibodies 
(agglutinins, precipitins, opsonins, lysins, antitoxins, sensitizins, etc.) 
it is probable that they all are basically identical in nature (7, 8, 9). 
This has become more apparent with the use of purer antigens in im- 
munization and the development of more accurate quantitative methods 
for the study of antibodies and of antibody-action. The prevailing 
view is that specific antibody globulin combines with antigen, whether 
particulate, or molecularly dispersed, and forms a deposit of antibody- 
protein on the antigenic surface. This deposit, by altering the surface 
properties of the antigenic elements, increases their cohesiveness and 
viscosity so that mutual contacts lead to adherence (10, 11, 12). The 
earliest effect, therefore, is aggregative or coagulative, whether the 
antigenic units are in red blood cells, trypanosomes, colloidal micelles, 
toxins or elementary bodies, and may be regarded as the initial step 
in the conversion of foreign colloids into simpler, more assimilable forms. 
This coagulative action resembles somewhat that of rennin in the early 
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stages of gastric digestion but differs in its extremely sharp chemical 
specificity. 

Recent evidence strengthens the long-held assumption that ag- 
glutinins and precipitins are identical. Jones (13), and Hulshoff Pol 
(14), for example, have shown that when proteins are adsorbed to 
particulate surfaces (collodion, collophonium, kaolin, etc.), the sen- 
sitized particles agglutinate when suspended in their specific antiserums. 
Delves has demonstrated, furthermore, that if precipitins are specifically 
absorbed from an antiserum, collodion particles sensitized with the 
specific protein will not agglutinate when suspended in the antiserum 
(15). Heidelberger and Kabat (16), by gravimetric methods, and 
Francis (17) by serologic ones, have recently proved the identity of type 
specific precipitins and agglutinins in antipneumococcic horse serum. 
Of even more interest is the close relationship between agglutinins and 
precipitins, and other types of antibodies. It has been shown that the 
addition of a specific antiserum to a mixture of washed leukocytes and 
collodion particles sensitized with protein promotes phagocytosis (18, 
19), but that removal, by specific absorption, of specific precipitins 
against a purified protein removes the ability of the serum to promote 
phagocytosis of collodion particles sensitized by this protein (15). 
In pneumococcic infections of mice, serum protection parallels its 
maximally precipitable antibody globulin (20, 21, 22). Injection into 
normal guinea pigs of the washed precipitate from the interaction 
of a protein and its antiserum confers passive sensitization to anaphy- 
lactic shock (23). Finally, bacterial toxins (24) and filterable viruses 
(25) have been adsorbed to the surfaces of collodion particles; when 
these particles were mixed with their respective antisera, flocculation 
or neutralization, or both, occurred. All these secondary manifestations 
of antibody action, therefore, may be looked upon as subsidiary to the 
primary attachment of antibody globulin to the antigenic particle with 
the resulting changes in its surface properties. The aggregative process, 
once initiated, is followed by the progressive phases of dispersion (lysis, 
intracellular digestion) which are later stages of hydrolysis or digestion 
occurring outside of, or within, cells. 

The complicated mechanism of agglutination has been extensively 
studied in the test tube. The present view is that aggregation of 
particles in suspension results from their cohesion after chance contacts 
(26, 27, 28). The number of contacts and the degree of cohesion are 
influenced by the mass, size and number of particles per unit volume, 
Brownian motion, viscosity and temperature of the dispersion fluid, 
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electrolyte and lipin content and other factors. In the presence of 
specific antibody the deposition of antibody globulin, by increasing 
the cohesiveness of the particulate surfaces, tends to overcome the 
so-called surface potential of the similarly charged particles, and leads 
to aggregation. Although there is still doubt as to the relative im- 
portance of physical and chemical influences (29), there is fairly general 
agreement about the main features of the process. The precipitation 
reaction is assumed to develop similarly, differing only with respect to 
the size of the antigenic elements which combine with antibody (30). 

Are similar forces interactive in the body? Early workers attributed 
little if any importance to agglutinins and precipitins in acquired im- 
munity and some even doubted their union with antigen in vivo. While 
Metchnikoff (31) believed that “the part played by agglutination in 
immunity can only be very inconsiderable”’ and that it is “merely 
accidental and subordinate,” his early statement that “it is probable 
that in certain special cases the immobilization of very motile bacteria 
and their agglutination into clumps may facilitate the reaction of the 
animal organism, especially of phagocytosis” is of interest because it 
foreshadows the present-day view that agglutination, on the one hand, 
or opsonization and phagocytosis, on the other, depend largely upon 
chance contacts, either between the bacteria themselves, or between 
bacteria and phagocytes. Weil, in 1917, said (82), ‘“‘All in all, it is 
apparent that agglutination plays less of a réle in the processes of 
disease than might be assumed a priori, judging from the effectiveness 
of the test-tube reaction”; and of precipitation he remarked, ‘‘there 
are no observations which permit of a conclusion as to whether it actually 
takes place in life. There are some authorities who seriously doubt 
this occurrence, and yet it seems difficult to justify this doubt. Soluble 
proteins, which are the material of precipitation, cannot, of course, 
undergo adaptive alteration like the bacteria and become non-pre- 
cipitable. It is quite likely, however, that microscopic precipitates 
may be filtered out by the phagocytes as rapidly as formed, and that 
actual gross flocculation does not, therefore, occur. This would explain 
the fact that it has never been possible to demonstrate the phenomenon 
in the circulating blood.’”’ Bailey, a decade later, in his review of the 
functional réle of agglutinins (33) said, ‘‘Agglutination has been con- 
sidered by most immunologists to occupy a subordinate place; for, 
however valuable the phenomenon may be in vitro in identifying bacteria 
or in discovering specific forms of infection, it is held that the process 
plays no essential part in the protection of animals.” It is true, how- 
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ever, that a few early workers were impressed by the possible importance 
of agglutination in protection against infectious disease. Thus, 
Sawtschenko and Melkich (34) injected spirochaetes of relapsing fever 
into the peritoneal cavities of immunized guinea pigs and observed 
that within from ten to fifty minutes the spirochaetes became im- 
mobile; “les spirilles se réunissent en petits amas, s’agglutinent.” They 
also saw occasional agglutinated masses of spirochaetes in blood taken 
from patients with relapsing fever, but pointed out that the rapid 
movement of the blood would naturally prevent marked agglutination. 
Wright and Lamb (35) noted, in guinea pigsinfected with plague bacilli, 
that the organisms were uniformly dispersed in the blood throughout 
the body, whereas if immune serum was injected, the bacilli were found 
only in discrete colonies in the spleen and other organs. It seems 
strange, in retrospect, that at a time when the.e was so little doubt 
about the importance of lysis, antitoxic action, opsonization and ana- 
phylactic sensitization, so many should have questioned the occurrence 
of agglutination and precipitation in vivo. But comparatively little 
more attention was given to the subject until Bull, in 1914, suggested 
that agglutination was a more important mechanism of defense than 
had been generally supposed (36). He injected living typhoid bacilli 
into rabbits and found that the microérganisms were not killed in 
the blood stream but were rapidly removed from the circulation. They 
became concentrated particularly in the liver and spleen, occurring 
in clumps in the capillaries and sinusoids, and were engulfed by poly- 
morphonuclear leukocytes which also accumulated there. When he 
injected specific immune serum into rabbits during the bacteriemic 
phase of pneumococcic infection, the pneumococci disappeared rapidly 
from the blood stream and accumulated in agglutinated masses in the 
liver and spleen where they, also, were quickly engulfed by the leuco- 
cytes. The degree of agglutination appeared to vary inversely with 
the infectiousness of the bacteria, and less infectious organisms might 
even agglutinate spontaneously; in any case the liver and spleen acted 
as the principal filtering organs in which the phagocytes destroyed the 
microorganisms. These observations merit renewed attention in view 
of Knisely’s recent studies (37) on the circulation of the spleen. He 
has shown that the splenic sinuses in the mouse may become distended 
in the ‘“‘filtration-filling’’ phase and may remain so in the “storage” 
phase for considerable periods of time. It is reasonable to suppose 
that in such areas of stasis in an immune animal, leukocytes and bacteria 
simultaneously entrapped might have unusually favorable opportunities 
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for contact, thus favoring agglutination, phagocytosis, or both. Zinsser, 
a few years later, corroborated the observations of Bull (9) by injecting 
type 1 antipneumococcal globulin solution intracardially into rabbits 
in the septicemic phase of pneumococcic infection and then examining 
smears of blood withdrawn from the heart a few minutes later. In the 
smears he observed clumps of pneumococci which, he believed, indicated 
agglutination in the blood. Rheingold injected suspensions of B. 
prodigiosus intravenously into dogs and came to similar conclusions 
(38). He found aggregates of bacilli in the capillaries and sinusoids 
of the liver, “indicating that agglutination had occurred in the blood 
stream.”’ He attributed the removal of the bacteria from the blood 
to this agglutination in the capillaries, chiefly of the splanchnic area, 
followed by phagocytosis and digestion of the microérganisms. Further 
evidence supporting the conclusions of Bull is furnished by the experi- 
ments of Manwaring and his associates (39, 40). They found that, 
when organs of normal and of immune animals were perfused with 
Ringer’s solution containing living pneumococci, the livers of the normal 
animals showed but little tendency to remove the pneumococci whereas 
those in immune animals quickly removed the microérganisms. Smears 
and histological preparations showed numerous pneumococci adherent 
to the capillary endothelium. Taliaferro and Cannon (41) also ob- 
served, in their study of the problem of superinfection in malaria in 
monkeys, that the malarial parasites accumulated particularly in the 
spleen and became concentrated in the cords of Bilroth, as if they had 
been made more adhesive or had been agglutinated by the action of 
the immune bodies, after which they were aggressively phagocytosed 
by macrophages. From the foregoing it is obvious that antibody can 
combine with antigenic materials in the blood and influence their surface 
properties so that they may adhere to one another, to phagocytes or to 
the tissues. It is interesting to recall that the name, agglutinin, arose 
because of Gruber’s belief that this antibody affected the bacterial 
membrane, causing it to become “klebrig’”’ or glutinous (42). 

The failure of many of the earlier workers to observe these changes 
in bacterial surfaces in the body is not surprising in view of the diffi- 
culties inherent in the study of agglutination in the blood stream. 
Probably not much would be known about the principles influencing 
the mechanism of agglutination if the study had been restricted in the 
past to the observation of the effects of antibodies upon a suspension 
of bacteria in a circulating pump; we know today that bacteria cannot 
agglutinate unless they can come into contact with one another, and 
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opportunities for mutual contact in the circulating blood are certainly 
not favorable. And even if such contact should occur in sinusoidal 
areas of blood stasis, phagocytosis might quickly remove all evidences 
of beginning agglutination. In order to avoid these difficulties, more 
recent workers have endeavored to observe the bacterial changes, by 
histological and cultural methods, after injection of microérganisms 
into the subcutaneous and other tissues of normal and of immunized 
animals. Morphologic observations, at varying intervals, of the ensuing 
inflammation afford an excellent opportunity to follow the sequence 
of events. By such methods bacterial localization in immune animals 
and the changes in the bacteria themselves have been studied. 

Tsuda (43) injected virulent streptococci and pneumococci into the 
skin of normal and of immunized mice and noted that, in the non- 
immune animals, the inflammation was a spreading type, whereas in 
immune animals the inflammatory reaction was more circumscribed 
and the microérganisms remained localized near the site of introduction. 
Although he was more interested in the inflammatory reactions than 
in the changes in the bacteria themselves, he made the important ob- 
servation, that, “wenn die Immunitit stark genug ist zeigen die in- 
jizierten Kokken an der Injektionsstelle Agglutinationserscheinungen 
in Form von flockiger, zusammengeballter Masse.”’ Bass (44) intro- 
duced hemolytic streptococci into the tibial bone marrow of normal 
and of immunized rabbits; in the former only moderate phagocytosis 
by histiocytes and polymorphonuclear leukocytes occurred and the 
microérganisms caused death by septicemia. In the immune animals, 
however, agglutinated cocci were seen, followed by abundant phago- 
cytosis and no serious consequences to the host. 

Cannon and Pacheco (45, 46) injected suspensions of living virulent 
staphylococci intradermally into normal and locally vaccinated guinea 
pigs. Histologic examination revealed early and marked agglutination 
of the staphylococci in the immune animals, followed by active phago- 
cytosis by leukocytes and macrophages. In the normal animals the 
microorganisms spread diffusely through the subcutaneous tissues, 
despite inflammation and phagocytosis. They concluded, therefore, 
reasoning from the experiments of Opie on the nature of the Arthus 
reaction, that the primary bacterial localization was effected by an 
immediate antigen-antibody union and was maintained by phagocytosis 
and a more abundant infiltration of cells of inflammation. They 
assumed that the antibody-antigen combination also increased the 
efficiency of phagocytosis through its opsonizing action and that the 
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summation of all of these influences promoted not only the immediate 
but also the continued localization of the infectious agents. 

Rich and his associates (47, 48), in their studies on the réle of immune 
bodies in pneumococcic infection, demonstrated clearly the prompt 
adherence of the microérganisms to the immune tissues. When living 
pheumococci were injected into the skin of rabbits passively immunized 
with type-specific homologous antiserum, the microérganisms remained 
sharply localized and grew into skein-like colonies in the subcutaneous 
tissues. The degree of bacterial localization varied inversely’ with 
the amount of antiserum administered, so that with lesser amounts of 
serum the lesions were more diffuse, edematous and hemorrhagic. The 
localization occurred before there were marked evidences of inflamma- 
tion, and even in animals deprived of circulating leukocytes by the 
previous administration of benzol. Here, however, the localization 
was but temporary, and eventually the pneumococci entered the blood 
stream and caused death by septicemia. Rich concluded from these 
and other experiments that the prompt bacterial localization in immune 
tissues is not caused by inflammation, but is due to the primary inter- 
action between bacteria and immune bodies. This leads to an increased 
adhesiveness of bacterial surfaces which causes the bacteria to adhere 
to the tissues and to one another, thus hindering their free ‘‘drift”’ 
through the tissue spaces. 

Catron (49) injected type 1 pneumococci into the subcutaneous 
tissues of normal and of actively or passively immunized mice. His- 
tologic examinations revealed sharp localization of the pneumococci 
in the latter animals; ‘‘agglutination, occurring within 5 minutes of 
infection, assured localization of the bacteria for a period during which 
they continued to proliferate,’’ whereas in the normal animals although 
there was widespread inflammation, the bacteria spread diffusely 
through the subcutaneous tissues, and were not phagocytosed. Catron 
concluded that agglutination in the subcutaneous tissues was an im- 
portant early localizing phenomenon but that phagocytosis was the 
means whereby the pneumococci were destroyed; ‘‘thus localization 
and destruction of the bacteria in immunized mice were dependent 
both on bacterial changes caused by specific antibody and on phagocytic 
activities of host cells.” 

Cannon and Hartley (50) suspended living virulent pneumococci 
in egg white solution and injected them subcutaneously into rabbits 
both actively immunized against this strain of pneumococci and sen- 
sitized against egg white. <A histological study of the ensuing lesions 
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showed that the microérganisms multiplied for a time in the developing 
area of anaphylactic inflammation and showed unmistakable evidences 
of capsular swelling as if undergoing a Neufeld “quellung”’ reaction 
in living tissues. Small clumps of pneumococci were seen as well as 
larger, compact colonies, indicating the influence of antibody on their 
surfaces and the resulting tendency for the bacteria to remain localized. 
Such animals apparently suffered no ill effects from the pneumococcic 
infection, whereas normal controls, and controls sensitized against egg 
white but not immunized against pneumococci invariably died from 
septicemia within 48 hours. 

Gins, Kroemer and Link (51) have recently described the early changes 
in the subcutaneous tissues of normal and immune guinea pigs infected 
with Welch bacilli, and a pathogenic strain of B. coli. The Welch 
bacilli, in normal animals, grew diffusely through the subcutaneous 
tissues whereas, in immune animals, they were seen “‘vorwiegend in 
kleinen Hiufchen, wie agglutiniert, so weit sie nicht phagozytiert sind.”’ 
With the colon bacilli, in immune animals, the organisms were seen 
within one and a half hours in “einzelnen Stellen in lockeren Herden 
frei im Gewebe, meistens sind sie in dichten Haufchen zusammenge- 
drangt so dass der Eindruck einer Agglutination im Gewebe entsteht.”’ 
In both types of infection, besides the agglutinative phenomena, phago- 
cytosis, swelling and disintegration of the bacteria, sharp localization 
of the lesion and speedier resolution of the localized areas of infection 
were observed in the immune animals. Hammerschmidt (52) has 
also shown, by histologic methods, that, when virulent organisms of 
mouse septicemia were mixed with agar and injected subcutaneously 
into normal, and passively immunized mice, the development of the 
bacteria in the agar foci was strikingly different. In the normal animals 
the bacteria grew well, wandered out of the agar and into the sur- 
rounding tissues and then invaded the body asa whole. In the immune 
animals they grew into sharply circumscribed colonies and bacteria 
were not seen in agar between individual colonies. Hammerschmidt 
was apparently not aware of the work of Rich and gave no consideration 
to the probability that the changed surface properties of the organisms 
in the immune tissues may have increased their tendency to adhere to 
one another and thus to grow into compact colonies. Instead, he 
concluded that this localization was due to the inhibitive action of 
antiaggressins; his illustration, however, shows the sharp localization 
of the bacteria in the agar focus, the agar being surrounded by a zone 
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These experiments indicate that agglutinins are important factors 
in the early localization of bacteria in tissues and suggest certain ways 
in which they act. Inasmuch as, under natural conditions, the number 
of microérganisms entering a tissue is limited, the first effect is probably 
that emphasized by Rich, namely, adherence to the tissues themselves. 
Even though the bacteria continue to grow, this primary localization 
allows time for the inflammatory reaction to develop. As the bacteria 
increase in numbers and drift from the primary area of localization, 
particularly if edema is developing, contacts with one another pre- 
sumably favor agglutination. This agglomerative tendency may not 
only restrict the movement of the larger clumps through the tissue 
spaces, but may also, through its opsonizing action, enhance phago- 
cytosis. For example, the effectiveness of phagocytosis must depend 
necessarily upon the number of contacts between phagocytes and 
bacteria. If a phagocyte, at one contact, can engulf a clump of a dozen 
or more agglutinated bacteria, whereas, in the absence of clumping, 
twelve separate contacts would be required to accomplish the same 
effect, the advantages of an early agglomerating action are apparent. 
And even though phagocytesshould engulf such large clumps as tomake 
intracellular digestion difficult, the microérganisms, nevertheless, would 
be in one mass within a cell, rather than left free to enter the lymph 
and blood streams in large numbers. 

The effectiveness of this agglomerating antibody-action is doubtless 
dependent upon the availability of specific antibodies in the blood and 
tissues and the kinds and numbers of bacteria invading. It is possible 
that if large numbers of bacteria with great growth energy and an 
ability to form large amounts of capsular combining material enter 
the tissues, agglutination may be less effective and the bacteria can 
grow and spread freely into the blood and lymph. The so-called ag- 
gressins may act in this way to nullify the combining potentialities of 
immune bodies. Variations in invasiveness, therefore, could be related 
directly to the ability of the microérganisms to produce and liberate 
combining materials. Under more favorable circumstances, as for 
example, with a large amount of antibody available in the tissues, 
combination of antibody with the bacterial surfaces should favor early 
immobilization, opsonization, phagocytosis and sharp localization of 
the lesion. Certainly one of the most dramatic experiments of acquired 
immunity is the demonstration that merely the presence of an adequate 
amount of type-specific antibody in the tissues can cause the normally 
extremely susceptible rabbit to react to the intradermal injection of 
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highly virulent pneumococci as if they were saprophytes, whereas in 
the non-immune animal the pneumococci will spread freely from the 
point of entrance and quickly lead to septicemia and death. 

This localizing potentiality of immune tissues, and the accelerated 
inflammatory reaction usually accompanying it have long been known. 
Jenner observed the latter a century before the word allergy had come 
into use (53); after the demonstration of the Koch phenomenon and 
the development of the tuberculin test, many workers in the field of 
tuberculosis studied the problem of reinfection. From their experi- 
ments conflicting views have arisen concerning the significance of the 
local lesion, i.e., whether it results from an intensified inflammatory 
reaction which “walls off’’ the infecting agents by a mechanical barrier 
of leukocytes and fibrin; whether it is due mainly to effective phago- 
cytosis, or whether it is the result of a primary union of bacterial antigens 
and antibodies, reinforced by inflammation and phagocytosis (54, 55, 
56, 57, 58). The various aspects of the subject have been extensively 
reviewed within recent years and will not be discussed here (59, 60, 
61, 62, 63). Opie has stated the problem in these words, ‘antibodies, 
such as precipitins or agglutinins, may have a part in the local fixation 
of foreign protein or bacteria’’ (64), but ‘‘in this processof local fixation 
it is not possible to estimate the relative importance of antibodies, of 
phagocytes and of the inflammatory reaction itself’? (65). It should 
be pointed out, however, that the conflicting views concern only the 
question whether bacterial localization results primarily from the 
interaction of bacteria and antibodies or whether it is accomplished 
primarily by the inflammatory reaction itself through the deposition 
of a network of fibrin and the thrombosis of lymphatic vessels. The 
latter viewpoint has been discussed recently by Menkin and will not 
be considered further here (66). At any rate, the numerous studies 
of this problem have aided greatly in clarifying several phases of the 
subject and have revealed important features of the mechanism re- 
sponsible for the early localization. 

As with the agglutinins and antigen, the problem of the functional 
significance of precipitins was similarly a perplexing one for many 
years, and, because earlier workers so frequently observed the coexistence 
of antigen and precipitin in the blood, some even doubted that they 
can combine in the body to form a precipitate. Later experiments, 
however, proved that the usually slow disappearance time of a protein 
from the blood is markedly accelerated when precipitins start to appear 
and that if precipitins are already present, the protein may disappear 
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very quickly (67, 68, 69). As Culbertson has said, (70), “immunized 
animals which possessed no circulating precipitins at the time of the 
test injections of antigen required more time to dispose of a given 
amount of horse serum than did animals which possessed circulating 
precipitins.”’ Later, presumably as a result of the anamnestic reaction, 
removal of injected antigen was more rapid, even in animals previously 
immunized but no longer containing circulating precipitins, than in 
animals injected with horse serum for the first time. 

The uncertainties of the earlier workers were due largely to the use 
of complex proteins; horse serum and egg white contain multiple anti- 
gens (71, 72, 73, 87), and because of the multiplicity of antibodies 
engendered, quantitative identification is difficult. Results became 
more clear-cut when purer antigens were used. Opie (77) injected crystal- 
line egg albumin into rabbits immunized against it and at no time 
observed the coexistence of this antigen and its precipitin in the cir- 
culating blood; instead, there was a marked diminution in or a tem- 
porarily complete disappearance of precipitins from the blood. 

Culbertson (70) also injected crystalline egg albumin into the blood 
stream of immunized rabbits and found that the rapid removal of the 
albumin was accompanied by a marked decrease in the precipitin content 
of the blood. Proof that this was due to an antigen-antibody reaction 
was demonstrated by the fact that the intravenous injection of non- 
specific materials such as normal horse serum, cow’s milk, peptone, 
bacterial vaccines, etc., caused no significant changes in the precipitin 
content for crystalline egg albumin. Although he recognized the 
potential combining ability of fixed-tissue precipitin, his calculations 
convinced him that the circulating precipitins played the predominant 
role in the elimination of crystalline egg albumin, and that the fixed- 
tissue precipitin functions “only when some of the antigen escapes 
union with the circulating precipitin and reaches the fixed tissues.”’ 
Hektoen and Welker (74) showed clearly that the negative phase, i.e., 
the reduction or complete disappearance of antibody from the blood 
after introduction of the specific antigen, is sharply specific and that 
“in the rabbit immunized against many antigens the injection of one 
of the antigens as the rule resulted in the disappearance from the blood 
of the precipitin for that antigen only.” They quote Oguchi and 
Hamano as having found, also, that when a serum fraction was injected 
into an animal containing multiple precipitins, only those to the one 
fraction injected, disappeared. 

Although no one has demonstrated that a precipitate actually forms 
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in the blood and that it is removed by phagocytosis, as suggested by 
Weil, there is indirect evidence that this may occur. Cromwell and 
Centeno (75) observed that vacuolated mononuclear cells appeared 
in the peripheral blood of rabbits immunized against crystalline egg 
albumin after its intravenous injection whereas this did not happen 
with normal rabbits. Inasmuch as they found a similar vacuolation 
in leukocytes added to a mixture of protein and its antiserum, but 
no such effect when the leukocytes were added to a protein mixed 
with normal serum, or to a mixture of antiserum and protein after 
removal of the precipitate, they concluded that the vacuoles were 
associated with phagocytosis and digestion of the specific precipitate. 
Opie also showed (76) that when washed precipitate from the union 
of antigen and antibody was injected under the skin of a normal rabbit, 
leukocytes accumulated and eventually removed it. 

Evidence for the occurrence of precipitation in the tissues has been 
furnished largely by the experiments of Opie (77, 78, 79). When he 
injected crystalline egg albumin into the skin of a normal rabbit he 
observed that it quickly diffused from the site of injection, but that 
with each succeeding injection, at intervals of a few days, more was 
retained at the injection site. With the development of the phenome- 
non of Arthus, most of the injected antigen was retained locally. Fur- 
thermore, if antigen was injected into the blood of a normal rabbit, and, 
some hours later, specific antibody was injected into the skin, local 
inflammation occurred. He concluded, therefore, that the local reten- 
tion of antigen is due to the local union of precipitin and antigen, aided 
by the inflammatory reaction and that ‘‘the behavior of precipitins in 
the living body is similar to that in the test tube and indicates that 
they precipitate foreign protein introduced into the immune animal.” 
As a consequence of this local fixation of antigen, local destruction 
of the precipitate occurs. Opie concluded that the injury of tissue, the 
edema, hyperemia, hemorrhage, thrombosis and necrosis, could all 
be explained by the union of antigen and antibody outside of and within 
cells. In this process, however, generalized anaphylaxis, from absorp- 
tion of antigen, was largely prevented, the local tissues, instead, bearing 
the brunt of the reaction. Dienes (89) also found a definite relationship 
between the presence of precipitins against egg globulin, ovomucoid, 
and crystalline egg albumin and the intensity of the delayed hyper- 
sensitive cutaneous reactions to these protein fractions, indicating a 
sharply specific antigen-antibody union of the individual antigens. 

These experiments point strongly to the importance of precipitins 





























SPECIFIC AGGLUTININS AND PRECIPITINS 101 


in restricting the spread of a protein, after it has become toxic to hyper- 
sensitive tissues, to more vital organs, and indicate that the efficiency 
of the localizing process varies directly with the presence and concentra- 
tion of specific precipitins in the circulating blood. Opie showed that 
the Arthus reaction has a relationship to precipitins, also, in that it 
can be readily produced only in animals which can liberate precipitins 
freely (rabbit, goat) and can be demonstrated poorly or not at all, in 
animals which are poor precipitin-formers (rat, dog). He showed, 
furthermore, that in rabbits in which the phenomenon of Arthus is 
demonstrable, “desensitization,” by the injection of a large amount 
of antigen, leads to a diminution in precipitative potency of the serum 
and a loss of skin reactivity. Opie concluded, therefore, that there 
is a close although not exact parallelism between cutaneous reactivity 
and precipitative power of the blood serum. Culbertson, in repeating 
Opie’s experiments but using a better quantitative method for the 
determination of precipitins, concluded that ‘“‘all of the evidence ob- 
tained indicates that tissue hypersensitiveness in an actively sensitized 
animal is dependent upon the formation of antibody by the animal 
and is reflected by the presence of precipitin in the circulation. The 
tissue sensitizing substance in an antiserum appears to be inseparable 
from and, probably, identical with the precipitin.”’ 

The above facts would be completely convincing were it not that 
several other workers have failed to observe any relationship between 
precipitative strength of the serum and intensity of cutaneous reactivity 
to the same antigen (81, 82, 83, 84, 85). Kahn, in particular, stated 
with respect to skin reactions in rabbits sensitized to a protein that 
“with time, the serum precipitins disappear from the circulation, while 
the capacity of the animals to give a skin sensitivity response remains’ 
and that the parallelism between the two was of comparatively short 
duration. He concluded that “tissue hypersensitiveness is a more 
permanent biologic response than precipitin production and that the 
two phenomena are independent of one another.” 

These opposing views suggest that the conflicting findings may be 
due to differences in the experimental methods used. Many of the 
workers used complex antigens, such as serums and bacterial suspen- 
sions, despite the long-time insistence of Wells that immunologic prin- 
ciples can best be discovered and understood by the use of simpler and 
purer antigens. It is doubtful whether fundamental principles of 
chemistry could have been developed if chemists had continued to 
disregard the state of impurity of their reagents. It is true, of course, 
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that we do not deal with pure antigens in nature and that many im- 
portant immunologic facts have been secured by the use of complex 
materials, but it is also true that the essence of the scientific method is 
to have as many elements as possible of a problem controlled. 

Perhaps the most important source of error in evaluating the func- 
tional significance of precipitins is the method of determining the pre- 
cipitative potency of an antiserum. The method almost universally 
used is known as the antigen-dilution method, in which serial dilutions 
of antigen are mixed with constant quantities of antiserum. This is 
the reverse of the usual serological method for the determination of 
antibody-strength of a serum, where serial dilutions of the serum are 
made and the highest dilution exerting a specific effect is characterized 
as the antibody-titer. 

Culbertson has pointed out that the antigen-dilution method is 
absolutely inaccurate as a quantitative measure of precipitative strength 
of a serum and is, in fact, not a method for the titration of antibody at 
all, but only of antigen. Opie recognized this fact when he said that 
“the precipitin titer is not an accurate measure of the precipitin content 
of aserum.”’ Only since the development of more accurate quantitative 
methods by Heidelberger and Kendall (86), Culbertson (87) and others, 
has it been possible to determine the actual precipitin content of an 
antiserum, expressed as milligrams of precipitated protein. By the 
use of this method Culbertson has confirmed the conclusions of Opie 
with respect to the réle of precipitins in the development of the phe- 
nomenon of Arthus. Cannon and Marshall (88), using a serological 
method which determines the precipitative potency of an antiserum 
by dilution of the serum, have obtained results in complete agreement 
with those of Opie and of Culbertson. 

Further evidence of the functional importance of precipitins is fur- 
nished by the experiments of Blacklock, Gordon and Fine (89), employ- 
ing fly larvae, Cordylobia anthropophaga in immune and non-immune 
guinea pigs. They found that in immune animals about 80 per cent 
of the first instar larvae which penetrated the skin died within 40 hours 
and that many of these dead larvae ‘‘had their posterior end covered 
by an adherent cap consisting of semi-disintegrated cells lying in a 
homogeneous matrix.’”’ At an earlier stage these larvae were surrounded 
by a loosely adherent whitish coagulum and their guts were distended 
with a mass of fine granules. Such larvae were dead or feebly moving, 
had not increased in size and were sometimes shrunken. When larvae 
from non-immune guinea pigs were placed in immune serum ‘a pre- 
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cipitate quickly formed round them and this precipitate gradually 
increased in density.’”’ These phenomena were not observed in larvae 
in the skin of non-immune guinea pigs nor when larvae were placed 
in normal serum. They found a correlation between the presence of 
precipitins in the hemocoele fluid and the excreta of the larvae in 
the serums of immune guinea pigs. They concluded, therefore, that 
“the precipitate which is always formed in the gut of, and round the 
larvae, in immune animals is due to the interaction of the animal’s 
serum with the excreta of the larva’ and that the “apparent blocking 
of the gut and the enveloping principle around the cuticle must hamper 
the normal development of the larva and may be the direct cause of the 
death of the parasite on the skin of the immune host.” 

More recently the important studies of Taliaferro and Sarles (90, 91) 
on the immunity of white rats to infection with Nippostrongylus muris 
have given clear-cut demonstrations of an important réle of precipitins 
in acquired resistance. When the larvae of this parasite were placed 
on the freshly-shaven skin of normal rats, penetration and migration 
occurred within 20 hours, the larvae feeding, developing and passing 
to the blood stream, lungs, and into the trachea where they were swal- 
lowed and thus reached the upper part of the small intestine.. In 
reinfection of immune rats, on the other hand, the larvae, after pene- 
trating the skin, tended to remain localized as somewhat stunted, 
coiled and immobilized forms and “precipitates formed in and around 
them.”’ During this stage a more intense inflammation developed than 
in the normal animals, and nodules formed around the larvae. Similar 
precipitates formed in and around the larvae which reached the lungs 
and intestines. Taliaferro and Sarles concluded, therefore, that ‘‘anti- 
bodies (precipitins and possibly other humoral factors) immobilize, 
form precipitates in and around, stunt and sometimes kill the worms. 
They also localize the irritating excretions and secretions of the worm 
and bring about more intense inflammatory responses.” 

The identity of precipitins and sensitizins was early suggested by the 
experiments of Doerr and Russ (92) in which the parallelism between the 
precipitin-strength of a serum and its sensitizing potentiality were 
shown. They reported that as rabbits were immunized against a 
foreign protein the precipitative potency of the serum varied directly 
with its anaphylactic sensitizing properties; that when a serum varied 
markedly in precipitative reactivity to heterologous antigens, ana- 
phylactic sensitivity to these antigens varied in the same direction; 
that white mice cannot be sensitized, either actively or passively, to 
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anaphylactic shock, and neither can they form precipitins nor anchor 
precipitin to their cells. Lake, Osborne and Wells noted, in 1914, 
that they could transfer anaphylactic sensitivity passively as soon as 
precipitins had appeared in the serum of the donor, and suggested the 
identity of precipitins and sensitizins. Weil, as stated above, showed 
that the injection of the washed precipitate conferred passive sensitiza- 
tion; knowing that the bulk of the precipitate consisted of precipitin, 
he concluded that precipitins and sensitizins are therefore identical. 

These facts have a direct bearing on the possible relationship of pre- 
cipitins and sensitizins to those tissue reactions, the so-called allergic 
or hypersensitive states, in which the adverse effects are definitely 
pathological. The evidence presented thus far has pointed more to 
the beneficent features of the aggregative reactions; attention will now 
be directed to their harmful effects. 

The accelerated removal of a foreign protein from the blood stream 
might be regarded merely as an interesting biological phenomenon 
were it not for the fact that therapeutic serums are so widely used 
in the treatment of infectious disease. Inasmuch as most of these are 
prepared by immunization of horses, their injection into individuals 
hypersensitive to horse serum, either naturally acquired, or through 
previous injection with horse serum, may lead to their rapid removal 
from the blood before they have been able to exert any marked thera- 
peutic effect. That this has happened is shown by those instances 
in which persons who have been given a prophylactic injection of diph- 
theric antitoxin, and, later, have contracted diphtheria, have not 
responded favorably after reinjection of a therapeutic amount of diph- 
theric antitoxin. The explanation is furnished by the following ex- 
periments: Roemer and Viereck (93) observed that, in guinea pigs 
sensitized against horse serum, antitoxin injected into the blood dis- 
appeared more quickly than it did in normal animals; Lewis (94) found 
that diphtheric antitoxin, if injected into rabbits which had been pre- 
viously injected with horse serum, was considerably less effective in 
neutralizing diphtheric toxin subsequently injected than in normal 
rabbits. Glenny and Hopkins (69), in their extensive study of this 
problem, came to similar conclusions, and because of the fact that 
the antitoxin disappeared from the blood of normal rabbits within 
from 7 to 8 days whereas, in rabbits hypersensitive to horse serum, it 
disappeared within from 3 to 4 days, coincident with the appearance 
of precipitins, they believed that the union of precipitin and antigen 
accounted for the more rapid removal of the antitoxin. 
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The absorption of antitoxin may be seriously interfered with, also, 
if the antiserum is injected subcutaneously or intramuscularly into 
hypersensitive tissues. Hartock and Schiirmann (95) showed that 
antitoxin injected subcutaneously into guinea pigs sensitive to horse 
serum exerted a considerably less protective effect than it did in normal 
guinea pigs. They made the interesting observation, also, that if 
guinea pigs sensitive to horse serum were injected subcutaneously with 
small amounts of horse serum to induce a state of anti-anaphylaxis, 
antitoxin then injected was as effective as in normal guinea pigs. Kahn 
(96), more recently, has shown more precisely, by quantitative methods, 
the tendency for antitoxic serum to become bound to hypersensitive 
tissues and thus fail to be absorbed and exert its proper neutralizing 
action. Hooker and Follensby (97) have shown that, in human sub- 
jects markedly hypersensitive to horse serum, scarlet fever antitoxin, 
when injected locally, loses its neutralizing effect for specific toxin more 
quickly than it does in non-sensitive persons. They point out that it 
is quite probable that precipitins in the blood and tissues of these in- 
dividuals may combine with antiserums and either remove them from 
the blood too quickly for them to exert an optimal therapeutic effect, 
or hold them at the area of injection and thus interfere with their effec- 
tive absorption. The recent analysis of the variations in therapeutic 
results in patients treated with antiserums, by Davidsohn and Hunt 
(98) indicates quite definitely that, in patients sensitive to horse serum, 
and particularly in those giving accelerated reactions of serum sickness, 
the therapeutic results of serum administration were definitely poorer 
than in patients not sensitive to horse serum. 

The intensified inflammatory reaction at the site of serum injection, 
besides interfering with adequate absorption, may, aside from the 
discomfort and pain, eventuate in severe or massive gangrene and even 
death. Several such cases have been reported within recent years 
(99, 100, 101, 102, 103), all in persons who had previously received 
horse serum injections. It is of interest that Arthus, in his first com- 
munication, called attention to the fact that these severe reactions 
might occur in humans if serums were given repeatedly. It is also 
important to note that, in the fatal case reported by Tumpeer and 
his associates, precipitins to horse serum were demonstrated in the 
blood of the patient. 

Serum disease is another condition in which precipitins have been 
suspected of playing an important part. Hamburger and Moro (104) 
in 1903 found a definite relationship between serum disease and the 
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appearance of precipitins in the blood. They showed, also, that when 
horse serum was injected into rabbits it remained in the blood for about 
8 days and then, with the appearance of precipitins, vanished from the 
blood. Von Pirquet and Schick (105) in the same year emphasized 
the probable importance of precipitins in serum disease and postulated 
an intracellular union of antigen and antibody as the origin of toxic 
materials which cause the symptoms of the disease. They called 
attention to the parallelism between the more rapid appearance of 
precipitins after reinjection of an antigen and the more rapid appearance 
of symptoms of serum disease after reinjection of horse serum. Later 
studies by Longcope and Rackemann (106) and Mackenzie and Leake 
(107) corroborated these opinions. They noticed in patients with 
serum disease, the frequent association of the early appearance of 
precipitins in the blood and severe manifestations of the disease. Fur- 
thermore, they observed that in those patients who escaped serum 
disease, precipitins could not be demonstrated in the serum at any 
time. Inasmuch as precipitins appeared after the development of 
symptoms, they concluded, as had von Pirquet and Schick, that the 
primary reaction of antigen and antibody was within cells, causing 
an explosive type of reaction whose severity depended upon the relative 
amounts of antigen and antibody available at different times. Tuft 
and Ramsdell (108) produced positive Prausnitz-Kiistner reactions 
and passive anaphylactic sensitization of normal guinea pigs after 
injection of serum from patients with serum disease in more than half 
of the cases but were unable to find a similar correlation with precipitins 
by the methods used. Jones and Fleisher (109) and Khorazo (110), 
in their studies of experimental serum disease in the rabbit, found no 
correlation between the precipitative potencies of serums and the 
incidence of local reactions of so-called serum disease. It should be 
noted, however, that they used the antigen-dilution method for the 
determination of precipitin-titer. 

Another possible factor in the development of serum sickness is the 
formation of heterophile antibodies (agglutinins and hemolysins for 
sheep’s erythrocytes). Davidsohn (111) has found these agglutinins 
in the sera of all of 45 patients who had developed serum sickness, and 
in much higher titers than in patients who received horse serum but 
did not develop serum sickness. He concluded that “there seems to 
be a relation between the pre-existence of agglutinins for sheep cells 
before the injections of horse sera and the type of reaction. The rdéle 
of the agglutinins may be merely that of an indicator of some change 
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predisposing for such type of reactions.””’ At any rate, these findings 
constitute further evidence of the possible part played by flocculating 
antibodies in serum disease. 

Do precipitins play a part in those intensified inflammatory reactions 
of infectious disease where edema, smooth muscle contraction, intensified 
inflammation, necrosis and reparative phenomena are so conspicuous? 
Do they also play a réle in those hypersensitive conditions peculiar to 
man, the so-called atopic states, in which there is no evidence usually 
of previous sensitization, and where the hereditary predisposition is 
so striking? Are these conditions related to, or identical with ana- 
phylaxis? It must be admitted at the outset that no answer can be 
given, as yet, to these questions, and there is certainly no proof that 
precipitins play a part in their development. Nevertheless, the fact 
that hypersensitive reactions may occur in the absence of demonstrable 
precipitins in the blood serum does not exclude the possibility that 
precipitins may be present within the cells. Methods now employed 
for the detection of precipitins, when present in low concentration 
in the blood and tissues, are crude and imperfect. Furthermore, it 
is reasonable to suppose that precipitates may range in size from tiny 
invisible molecular aggregates up to the larger precipitates seen under 
the usual conditions of precipitin determination. Variations in molec- 
ular size, either of antigen or antibody, may account for situations 
in which there is no definite evidence of antigen-antibody union in the 
test tube and yet a union can be demonstrated in living tissues by 
passive transfer of serum. Furthermore, the assumption of the ex- 
istence of intracellular antibodies has long formed the basis of most 
of the current theories of anaphylaxis. Weil, in particular, believed 
that the answer to many immunologic problems must be sought within 
cells rather than in the blood and that the study of immunity is largely 
a problem of cellular physiology (112). In referring to the mechanism 
of anaphylaxis he said, ‘‘If, in place of the visible alteration, expressed 
as precipitation in the test-tube, interaction of the two factors in vivo 
is supposed to produce an alteration of cellular equilibrium, such as 
will act as cellular stimulus, all the requirements of the problem are 
satisfied. In view of the fact that precipitin has been demonstrated 
to be identical with the sensitizing antibody, this explanation of ana- 
phylaxis seems almost self-evident’ (113). 

That the intracellular effect is really aggregative, however, has not 
been shown objectively, but there is little doubt about the fact that 
the intracellular union of antigen and antibody can occur directly and 
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can cause a profound change in cellular metabolism, apparently in- 
dependent of circulatory and nervous mechanisms. For example, 
Holst (116), and Stewart and associates (117) have shown that tuber- 
culin, added to leukocytes from animals hypersensitive to it, is directly 
toxic and leads to the death of the cells. Dienes and Mallory (116, 117) 
have shown that, in guinea pigs hypersensitive to tuberculin, necrosis 
of epidermis developed too early to be accounted for by a circulatory 
disturbance, indicating, therefore, that the antigen-antibody union 
occurs directly within the epidermal cells. Similar results have been 
obtained by the use of tissue cultures. Rich and Lewis (118) observed 
that cells from the blood and the fixed tissues of tuberculous animals, 
when grown in tissue culture, were distinctly more susceptible to the 
toxic action of tuberculin than were normal cells, due, they suggested, 
to the presence of specific antibody in or attached to the cells. Aron- 
son (119) and Moen and Swift (120) have confirmed these findings. 
Aronson demonstrated that tissue culture explants from the spleen 
and bonemarrow of tuberculous guinea pigs were extremely sensitive 
to tuberculin but that similar explants from animals sensitive to horse 
serum were not adversely affected by the addition of horse serum to the 
explants. Aronson suggested that this might indicate a fundamental 
difference between the mechanisms responsible for hypersensitivity to 
tuberculin and to horse serum. Moen and Swift found that the hyper- 
sensitivity of tissue cultures to tuberculin persisted through several 
transplantations. They suggested, therefore, that this “represented a 
more or less permanent acquired characteristic impressed on the cell 
as a result of the infection.”” They state that when tuberculin was 
added to the sensitive cells “‘various grades of coarse granulation and 
vacuolization of the cytoplasm developed; protoplasmic processes 
shortened ... and cellular disorganization was followed by disintegra- 
tion.” This description suggests a process of coagulation necrosis, 
due, possibly, to intracellular precipitation. Moen later reported (121) 
a similar effect in suspensions of mononuclear cells obtained from the 
pleural cavities of tuberculous animals; he noted that the sensitivity 
to tuberculin persisted through three transplantations and over a period 
of 29 days. 

The differences in sensitivity to such substances as tuberculin, horse 
serum, egg white, etc., of cells in tissue culture, do not mean, necessarily, 
that the different reactions of hypersensitivity are fundamentally 
different. These proteins vary greatly in molecular size, and presum- 
ably, therefore, in diffusibility. Neurath (122) has recently given 
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molecular weights for ovalbumin as 40,500, for horse serum albumin 
as 67,000 and horse globulin, 150,000. Seibert and associates (123) 
have also shown, by similar methods of determination of molecular 
weights, that those for fractions of tuberculin protein may vary from 
32,000 to 10,000. It is possible, therefore, that some of the smaller 
active molecules may diffuse into hypersensitive cells in tissue culture 
when larger molecules cannot. It should be remembered that Seibert 
showed (124), some years ago, despite many statements to the contrary, 
that the Arthus reaction could be elicited in rabbits and guinea pigs by 
the injection of tuberculin protein of larger molecular size but that 
fractions with smaller molecules had a haptene-like action and gave 
a sharp “delayed”’ cutaneous reaction but could not serve as sensitizing 
antigens to produce the Arthus phenomenon. It may be, therefore, 
that the differences in reactivity of sensitized cells upon contact with 
proteins of such varying molecular size and diffusibility are more ap- 
parent than real. 

If it could be shown that the cellular reactions of atopy are analogous 
to those of anaphylaxis, therapeutic procedures might be more clearly 
formulated but, despite the great amount of study of the problem of 
pollen sensitization alone, its underlying mechanism is not well under- 
stood. Although the antibody (reagin) can be transferred passively 
to the skin of a normal individual, precipitins cannot usually be demon- 
strated in the serum, at least not by the methods now available (125, 
126). Nevertheless, in experimental animals, injection of pollens en- 
genders the formation of specific precipitins (127, 128) and these anti- 
serums may induce passive sensitization in man. Furthermore, 
“neutralization” of these serums with atopen removes the skin-sensi- 
tizing property (129). It may be that the molecular structures of 
atopen and reagin prevent the formation of visible aggregates in many 
instances but that invisible aggregation, within a cell, may cause func- 
tional impairment and the resulting edema and wheal formation. It 
is also possible that atopic individuals may possess tissues which vary 
in their permeability to reagins and atopens. The experiments of 
Cohen, Ecker, Breitbart and Rudolph (130) demonstrated a marked 
delay in the absorption of ragweed pollen after its insufflation into the 
nostrils of atopic individuals, indicating that such persons have “‘de- 
veloped a mechanism for the partial exclusion of foreign materials from 
the blood stream and the tissues.” 

Limitation of space prevents the consideration of many other patho- 
logical conditions in which tissue injury has been ascribed to a combi- 
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nation of antigen and antibody within cells. Many of the exudative, 
degenerative and reparative tissue reactions seen so commonly in tuber- 
culosis, lobar pneumonia, streptococcic infections, parasitic infections 
and in rheumatic disease, necrotizing arteritis, periarteritis nodosa, 
Libman-Sacks disease, glomerulonephritis, arthritis, asthma, serum 
carditis, serum neuritis etc., have been thought to be examples of al- 
lergic inflammation. This phase of the subject has been reviewed 
recently by Opie (65) and by Stenn (131). It is apparent, however, 
that too little is known as yet about the nature of these reactions to 
justify a definite opinion about the causative relationship of allergic 
inflammation to the pathogenesis of these conditions. The present 
uncertainty but emphasizes the imperative need of more basic informa- 
tion about antigen-antibody reactions in various types of tissues. 


SUMMARY 


This discussion, although necessarily limited in scope, points defi- 
nitely to the importance of agglomerating antibodies in tissues and 
indicates the need of greater emphasis on their earliest effects. Facts 
have been recorded demonstrating that agglutinins may combine with 
their respective antigens both in the blood and tissues and thereby 
promote adherence of the microérganisms to one another and to the 
tissues. This process, by its opsonizing effect, also promotes phagocy- 
tosis and the more effective localization and destruction of the invading 
agents. Precipitins, similarly, have been shown to react in the blood 
and tissues, causing either an accelerated removal of antigen from the 
blood or its prompt localization near the portal of entry. The evi- 
dence strengthens the view that these agglomerating reactions may be 
looked upon, fundamentally, as part of the mechanism whereby foreign 
proteins which may enter the tissues parenterally, are immobilized and 
destroyed, thus tending to ensure the integrity of the body’s proteins. 
The adverse effects may be considered, essentially, as toxicological by- 
products of the reaction, depending presumably upon quantitative vari- 
ations in kinds and relative amounts of antibody and antigen reacting; 
under some circumstances these reactions may constitute actual disease, 
as with serum disease and allergic inflammation from various causes. 
It is not surprising that antigenic stimuli which, when minimal, cause 
insignificant tissue reactions may, in an exaggerated form, lead to pro- 
found cellular injury or even death; this does not mean that the mecha- 
nism itself is necessarily at fault. Cellular integrity must be main- 
tained, presumably, by mechanisms inherent in the cells themselves, 
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and any condition, whether natural or artificial, which interferes with 
these may be expected to be reflected in cellular disturbances which 
may, at times, be definitely pathological. The fact remains that these 
effects (edema, smooth muscle contraction, intensified inflammation, 
necrosis, and reparative sequelae) all follow cellular stimuli; it would 
seem more logical, therefore, to place the blame for the adverse reac- 
tions on the stimulus rather than on the cell. This point of view 
recognizes, at least, that although a biological process may at times 
be harmful to the individual, yet, in its more fundamental aspects, it 
may be protective to the race. 
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FUNCTIONS OF THE CAROTID AND AORTIC BODIES 
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The carotid and aortic bodies are parts of the system of cell groups, 
variously called chromaffine bodies, paraganglia, glands, nodules, and 
glomera, which have long been known by anatomists to be constantly 
present in intimate association with major arteries but concerning 
whose function nothing definite was known until the discovery of carotid 
sinus reflexes opened possibilities previously unsuspected. The major 
if not sole function of the carotid bodies (certainly) and aortic bodies 
(very probably) is now known to be due to the presence within them 
of ‘chemoreceptors (or chemoceptors), i.e., nerve endings specialized to 
respond to certain changes in the chemical composition of their environ- 
ment (which is arterial blood), such changes giving rise to reflexes which 
can produce physiologically important effects upon respiration and 
circulation. The most effective stimuli to the chemoreceptors are as- 
phyxia, anoxia (produced either by reduced oxygen pressure in the 
arterial blood or by poisons, such as cyanide, which inhibit cell oxida- 
tions), acidosis, and drugs having “nicotinic” properties; they are also 
stimulated by hypercarbia. 


I. ANatTomicaL. For the literature on these aspects of the subject see the 
papers by Nonidez (59, 60), Boyd (10), Heymans, Bouckaert and Regniers (47). 
Ask-Upmark’s monograph (3) is admirable for the comparative anatomy. In 
briefest summary, the points of greatest importance to physiologists are as 
follows:—Embryologically, the carotid body has a dual origin from the mesoderm 
of the third branchial arch artery and the ectoderm of the glossopharyngeal nerve, 
and it develops in the region in which these two tissues come into earliest juxta- 
position; elements from the sympathetic and the vagus enter only at a compara- 
tively late stage (Boyd). The aortic body presumably has a similar origin from 
the fourth left branchial arch artery and the vagus nerve, but satisfactory studies 
are peculiarly difficult to make in this region and the relationships are not as clear 
as they are in the third arch (Boyd). Recent workers are agreed that the carotid 
and aortic bodies are not ‘“‘chromaffine’’ in the usual sense (DeCastro, Nonidez, 
Boyd), which is perhaps further evidence against their being intimately related 
to the sympathetic nervous system. The structure of these bodies is unusual in 
that the afferent arteries open directly into sinusoidal spaces lined only with 
endothelium and peculiar “‘glomus cells,’’ the latter being very richly supplied 
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with nerve endings (DeCastro); the abundance of nerve elements, separated by 
the thinnest of walls from vascular spaces in which the pressure must be close to 
the arterial level, is a morphological characteristic of greatest significance to 
physiologists. 

The blood-supply of the carotid body is by way of a small artery which arises 
from the external carotid or one of its major branches (occipital in the dog); the 
afferent artery does not terminate in the carotid body but passes on to give off 
branches to the pharyngeal and prevertebral regions, where the vessel anasto- 
moses freely with other carotid (and vertebral) branches—a fact of importance 
in physiological experiments (76, 16). In the aortic region the situation is more 
complicated because of the presence of several groups of tissue of this general type 
(59, 60, 10), supplied with arteries which may arise variously from the brachio- 
cephalic, aorta, coronary artery, and pulmonary artery. The recent work of 
Comroe (15) strongly suggests that only one of these bodies retains functional 
significance in the adult animal, and this is supplied by a branch arising from the 
transverse aorta in the dog, from the coronary arterial system in the cat. 

The nerve fibers from the carotid bodies enter the central nervous system with 
the sinus (or intercarotid) branch of the glossopharyngeal. Fibers can also be 
traced from this region to the sympathetic and vagus ganglia in the vicinity, 
but the functional significance of these is uncertain;it is generally agreed that 
carotid chemoreceptor functions are completely abolished by section of the sinus 
nerve. The nerves from the aortic body of the dog join the vagodepressor trunk 
in the region of emergence of the recurrent laryngeal nerve (on the right side 
certainly, on the left probably) ; the afferent nerve from the aortic body can some- 
times be isolated on the right side and identified by the physiological effects of 
its stimulation (15). Impulses from the aortic body (or bodies) are however 
carried by both vagodepressor nerves, for section of one of these may reduce but 
it does not abolish the activity of the aortic chemoreceptors. 

Localization of the chemoreceptors in the carotid and aortic bodies. Since the 
carotid body of the dog is usually located on the occipital artery, which typically 
arises at a distance of 2-3 mm. from the carotid sinus proper, it is possible in this 
animal to demonstrate clearly that the carotid reflex mechanism is a dual one. 
The first to do this successfully were Bouckaert, Dautrebande, and Heymans (8), 
who inactivated the nerve fibers leaving the carotid sinuses by tying ligatures 
about them; they found that this removed the response to pressure changes 
(hypertension on carotid occlusion) without abolishing the effects of chemical 
excitants. Camus, Bénard, and Merklen (14) obtained the same result by actual 
section of the fibers from the pressoreceptors. Heymans and Bouckaert (44) also 
performed the complementary experiment, in which activity of the pressorecep- 
tors was retained after the chemoreceptors had been inactivated by embolization 
of their blood-vessels with lycopodium spores. The latter experiment does not, 
of course, prove that the chemoreceptors are located in the carotid body. Evi- 
dence in that direction was furnished by Schmidt (64), who found that ligation of 
the occipital artery at its origin in dogs reduced or abolished the reflex effects of 
alterations in gas content of the blood in the carotids, and by Gollwitzer-Meier 
(39), who obtained similar results with respect to injections of lobeline into the 
carotid of the dog, but neither of these workers could decide whether the chemo- 
receptors were located in the carotid body or in the first portion of the occipital 
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artery. DeBettencourt and Cardoso (20) confirmed most of the above-cited 
observations and made some additional ones which led them to conc ude that 
the carotid body is probably the most important point of origin of chemically 
aroused reflexes, though it may not be the sole one. Comroe and Schmidt (16) 
showed that the effects of intracarotid injections of small doses of lobeline or 
cyanide were entirely abolished on clamping the small artery to the carotid body 
and restored on opening this vessel; this showed that the carotid body is the only 
location of importance for chemoreceptors in this region. They also concluded, 
from vessel anastomosis and perfusion experiments, that the pressoreceptors are 
limited to the carotid sinus region and are not present in the occipital artery or 
carotid body. The latter conclusion is probably sound for all practical purposes, 
but recent experiments (unpublished) on dogs have indicated that some presso- 
receptors are invariably demonstrable (by action potentials) in any preparation in 
which chemical sensitivity is retained, even after complete stripping of the fibers 
running from the carotid sinus to the carotid body, denudation of the external 
carotid, and firm ligation of this vessel between internal carotid and occipital. 
The number of these receptors must be small and their physiological importance 
questionable. Perhaps there are also some chemoreceptors in the pressoreceptor 
area of the carotid sinus; if so, their presence has not been revealed by the methods 
so far used to detect it (13, 20,16). At present it seems probable that true chemo- 
receptors are sharply localized in the carotid body; pressoreceptors are certainly 
scattered more widely, and perhaps DeCastro (22) was quite correct in his belief 
that some of the nerve elements in the walls of the arteries in and near the carotid 
body have the same function as the similar structures in the carotid sinuses. 

Localization of the aortic chemoreceptors in the aortic body rests upon the 
anatomical similarities between this and the carotid body (60) and upon the 
physiological experiments of Comroe (15). The latter was able, by intraaortic 
injections of cyanide or lobeline through a small catheter which could readily 
be moved in and out, to demonstrate that the chemosensitive zone lies in dogs ata 
point at which a small artery leaves the aorta to enter the aortic body. Further- 
more, he could (in favorable subjects) identify a nerve leading from this region 
to the vagodepressor trunk, electrical stimulation of which produced effects 
exactly like those elicited by chemical excitants. In one experiment he was able, 
by crushing the nerves in the vicinity of the aortic body, toabolish chemoreceptor 
activity in the aorta while retaining at least some pressoreceptor function. Thus 
the anatomical as well as functional separation of the two sets of receptors has 
been accomplished for the aortic as well as carotid zones of the dog. 

Other chemoreceptor tissues. Nonidez (59, 60) and Boyd (10) both were able to 
detect several other groups of glomus-like tissue in the region of the aorta and 
pulmonary artery, and Nonidez (60) found that the structure corresponding with 
the aortic body in Comroe’s experiments received blood from the pulmonary 
artery in new-born cats. Comroe was unable to find any physiological evidence 
of this relationship in adult cats or dogs; apparently the communication with the 
pulmonary system closes some time after birth, but the functional significance of 
this, or of the anomaly that would result if closure did not occur, has not been 
investigated as yet. 

Other groups of tissue morphologically similar to the carotid and aortic bodies 
(such as the coccygeal body) have not been investigated from the standpoint of 
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chemoreceptor function. In many if not most cases denervation of the carotid 
and aortic bodies practically abolishes the stimulant response of respiration and 
circulation to anoxia, however produced, but there are some instances (see p. 121) 
in which a more or less distinct response persists. Perhaps in these, unusually 
competent masses of similar chemoreceptors are located elsewhere. On the 
other hand, there is no reason why all chemoreceptors should affect the same 
functions; perhaps other groups produce responses totally different from those 
now under consideration. Evidence on these points is lacking. 


II. PHYSIOLOGICAL PROPERTIES OF THE CAROTID AND AORTIC BODIES. 
These will be taken up, in the order of the historical development of 
this subject, first from the qualitative and next from the quantitative 
viewpoint. 

A. Qualitative. 1. The nature of the response. Increased activity of 
the chemoreceptors of carotids or aorta leads to increased activity of 
the respiratory and vasomotor centers (in the case of the carotid chemo- 
receptors, of the cardioinhibitory center also), and decreased activity 
elicits opposite effects. On this point there is no longer any room for 
doubt: the observations first made by J. F. and C. Heymans (49) on 
the aortic region and by C. Heymans, Bouckaert, and Dautrebande (46) 
on the carotid reflex zone have been confirmed by a large number of 
different workers on a variety of animals and by a variety of technics. 
The pertinent literature has been cited recently by Heymans and 
Bouckaert (45), Gesell (36), and Gellhorn and Lambert (32), and will 
be presented later in this paper. The distribution of the effects arising 
in the chemoreceptors is the same as that related to the pressoreceptor 
reflexes but the direction of the effects from the two types of receptors 
is exactly opposite (with the exception of cardioinhibitory activity, 
which is definitely increased by increased discharge from either the 
pressure- or chemo-sensitive receptors of the carotids). That the stimu- 
lation of respiration and blood-pressure arising from the chemoreceptors 
is due to a positive stimulant effect by the nerve impulses upon the 
centers and not (like stimulant effects referable to the pressoreceptors) 
to a removal of an inhibitory influence, was shown by the occurrence of 
hyperpnea and hypertension when a nerve joining the aortic body to 
the right vagodepressor of the dog was stimulated electrically (15); the 
same conclusion may also be derived from studies of the electrical 
activity believed to arise in the carotid chemoreceptors (50, 7, 88, 63, 
29). These will be considered in a subsequent section of this paper (p. 
141). 

2. The nature of the stimulus. There is also no good reason for doubt 
on the qualitative aspects of this question. Leaving out of account for 
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the present special stimulants such as acetyl choline and potassium 
(see p. 149), it is safe to say that all who have done enough work in this 
field to acquire the requisite technic have been able to satisfy them- 
selves of the general truth of the conclusions of Heymans et al. (46, 47), 
namely, that the chemoreceptors can be stimulated by each of the three 
chemical agents that have long been known to be capable of stimulating 
respiration and circulation, i.e., fall in pH, rise in the tension of COs, 
and anoxemia. Furthermore, there is general agreement that, as far 
as anoxemia is concerned, the stimulant effects on respiration and circu- 
lation are due much more to these reflexes than to anything else, and a 
number of workers believe that reflexes are solely responsible for such 
effects. The latter opinion is not universally held, however, even for 
anoxemia, and there never has been any serious claim that these reflexes 
are exclusively, or even dominantly responsible for the reactions of the 
whole organism to the changes in chemical composition of the blood 
associated with ordinary physiological activities. Consequently the 
assessment of the function of the chemoreceptors involves quantitative 
considerations such as relative sensitivities, speeds, intensities, and 
durabilities of the chemoreflex elements, on the one hand, of the nerve 
cells of the centers on the other.' We propose, in the following pages, 
to attempt to evaluate the existing evidence on these points from as 
objective a viewpoint as is possible to us, devoting more attention to 
the experimental evidence upon which existing ideas are based than to 
the conclusions drawn by the various authors, for the latter have been 
reviewed elsewhere (47, 45, 36, 32). 

B. Quantitative. 1. Anoxemia. Of all quantitative aspects of the 
subject this is in the most satisfactory state, for, as already pointed out, 
all agree that the stimulant effects of anoxemia upon respiration and 
circulation are much more reflex than central. Since the ensuing dis- 
cussion is to deal with the validity of experimental evidence, this is a 
good place to point out the nature of that evidence. 

The development of knowledge on the quantitative aspects of this 
problem began with the work of Heymans, Bouckaert and Dautre- 
bande (46), and their experiments bearing on these points were of two 
main types. One was the relatively simple procedure of testing the 


1 For the purposes of this review we shall assume that all of the non-reflex 
responses are due to direct effects upon the centers, though we realize that this is 
not necessarily the case: other chemoreflex mechanisms, as yet unidentified, 
immediately come to mind, but we see no point in adding further complexity to 
an already complex situation by speculations along those lines. 
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response of the intact animal (they used dogs under chloralose anes- 
thesia in nearly all of their work) to a given stimulus (in this case 
anoxemia produced by inhalation of nitrogen or hydrogen), and re- 
peating the test after section of the sinus and depressor nerves. The 
other was the more complicated procedure of preparing one or both 
carotid reflex zones, by ligation of vascular branches while leaving the 
innervation intact, so that this region could be perfused, either by 
means of a pump or by anastomoses with the blood-vessels of a donor 
animal, with fluid whose chemical composition could be varied at will, 
independently of the blood reaching the medullary centers. These two 
types of experiment have been used, with variations in detail but not 
in principle, by most workers who have subsequently entered this field. 

As far as anoxemia is concerned the results of both sets of experiments 
have agreed very well. Heymans et al. found (and presented an im- 
pressive example as evidence) that section of the sinus and depressor 
nerves changed the violent hyperpnea and marked hypertension pro- 
duced by nitrogen inhalation into a very slight respiratory stimulation 
and a relatively small rise in blood-pressure. In their crossed-circula- 
tion experiments they showed that anoxemia (from nitrogen inhalation) 
in the donor animal can cause strong reflex hyperpnea and hypertension 
in the recipient. The simple denervation experiment has been repeated 
by a number of workers (6, 71, 64, 33, 34, 83, 84, 86, 75, 38, 26, 43, 58, 
11, 32, 73, 16, 15) and the result confirmed in the main, for cats and 
rabbits as well as dogs, and for the unanesthetized or decerebrate animal 
as well as the narcotized one. The perfusion experiments also have 
been repeated (64, 31, 28, 4, 5, 77, 16) and, in so far as pertinent observa- 
tions were made, results entirely confirmatory of those cited above were 
obtained: the respiratory and (under favorable circumstances) vaso- 
motor centers were shown to be reflexly stimulated by reduction in 
oxygen pressure in the carotid blood. 

Questions concerning the relative sensitivity, speed, intensity, and 
durability of the reflex and non-reflex components of the anoxemic 
response are comparatively easy to answer because there seems no good 
reason to doubt that the reflex system is much the more sensitive, 
rapid, powerful, and resistant. It is true that a number of workers 
(71, 64, 58, 15) found that denervation of the carotids alone did not 
entirely remove (though it usually greatly reduced) the hyperpnea of 
anoxemia, but in these cases the depressor nerves were intact, and when 
the test was repeated after they were cut the stimulant response was 
gone (71, 64, 15). This is, of course, in entire accord with the work 
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of J. F. and C. Heymans (49), indicating that similar chemoreceptors 
are located in the aortic region. But instances are not lacking (18, 23, 
36) of a distinct anoxemic hyperpnea remaining after section of the 
sinus and depressor nerves, which may mean, as Gesell (36) states, that 
the nerve cells of the respiratory center are capable of being stimulated 
by anoxia. This is certainly not improbable; the remarkable feature 
is that, in the light of available evidence, the response of these nerve 
cells is as slight and uncertain as it appears to be. As Wright points 
out (71): “Too much significance must not be attached to the stimula- 
tion sometimes observed with very severe anoxaemia (in animals de- 
prived of the afferent impulses from the sinuses and vagi), since one is 
then dealing with a centre on the verge of death.” The contrary 
opinion voiced by Dautrebande (18), who claimed that anoxemia (due 
to high altitudes) still causes distinct hyperpnea in unanesthetized dogs 
whose sinus and depressor nerves had been severed some time previously, 
need not be given undue weight for the following reasons: he did not 
actually determine the presence of hyperpnea, but concluded that it 
must be present because arterial CO, content was reduced; even if there 
was hyperpnea, its relation to anoxemia remains uncertain in view of 
the circumstances (unanesthetized dogs taken on a journey, subjected 
to strange surroundings, perhaps to cold and to other factors capable 
of affecting breathing); the denervation may have been incomplete, 
either from the start (chronic hypertension does not of itself prove 
denervation of the chemoreceptors, for the latter may remain active, in 
carotids and aorta, after the fibers from the pressoreceptors have been 
cut), or because of regeneration; section of the depressor nerves— 
uncertain at best in dogs—does not interrupt all of the fibers involved 
in aortic reflexes, for some of these are carried by the vagus (54). 
Bouckaert, Heymans, and Samaan (9) recently found, in unanesthetized 
dogs with vagi cut and sinuses denervated, no sign of the hyperpnea 
postulated by Dautrebande. 

The available evidence strongly indicates that the threshold of the 
chemoreceptors to anoxemia is decidedly lower than that of the center. 
Granting this, the best way to ascertain the value of that threshold is 
simply to determine the smallest degree of anoxemia to which the 
whole organism reacts with hyperpnea. The lowest acceptable value 
of which we are aware is that given by Ellis (24) for normal men, 
namely, respiratory stimulation at a decrease to 18 per cent oxygen in 
the inspired air. This corresponds with a diminution of about 23 mm. 
in the oxygen tension of the inspired air (assuming O2 = 21 per cent of 
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760 mm. Hg atmospheric pressure in the control period) and therefore 
with a resulting arterial oxygen tension of 67 mm. (assuming this to be 
90 mm. in the control period). This may be regarded as the highest 
sensitivity to anoxemia that one has any right to expect from the 
chemoreceptors. 

There are a few corresponding direct observations on animals, made 
in the course of perfusions of the carotid bodies with blood, and while 
they are not entirely satisfactory they agree reasonably well with the 
figure just cited for normal man. Schmidt (64) found a diminution of 
about 5 vols. per cent in the oxygen content of blood in the carotids of a 
decerebrate cat when reflex hyperpnea was well under way, and in a 
similar experiment on an anesthetized dog a change of about the same 
size was found present; data for calculation of arterial oxygen satura- 
tion were not obtained, but since the donor animals were breathing 
oxygen during the control period these bloods (which were pumped 
directly from the arteries of the donors) probably were almost saturated 
with oxygen. If we assume 100 per cent saturation beforehand, the 
response in the cat began at a saturation of about 64 per cent, that of 
the dog at about 70 per cent. Taking (for purposes of illustration) the 
dissociation curve of human blood at 40 mm. COs pressure (Haldane, 
p. 71), these figures would represent a reduction to about 35 mm. O, 
pressure in the cat, to about 40 mm. in the dog. In the later experi- 
ments of Comroe and Schmidt (16) reflex hyperpnea was found to begin 
at a decrease of about 4 vols. per cent in arterial oxygen content; here 
again oxygen inhalation was used during the control period, which 
means that the blood was probably about 80 per cent saturated at a 
4 per cent diminution in O, content and the arterial oxygen pressure 
under the latter conditions would work out at a little less than 50 mm. 
Bernthal (4) found carotid reflex responses beginning with blood equili- 
brated against 15 per cent oxygen; if we assume—as above—that the 
blood was saturated when equilibrated against the 18 per cent oxygen 
used in the control period, the response began at about 83 per cent 
saturation or about 52 mm. oxygen pressure. If the bloods were not 
100 per cent saturated with oxygen in the control period, these values 
would be lowered correspondingly. 

With regard to the rapidity with which the chemoreceptors and the 
center respond to anoxemia, there is again quite general agreement that 
the former are vastly superior. Heymans, Bouckaert, and Dautre- 
bande (46), in their published example of the influence of sinus and 
aortic denervation, showed the hyperpnea and hypertension to be not 
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only greatly diminished but also considerably delayed after the denerva- 
tion. Gemmill, Geiling and Reeves (33) and Henderson and Green- 
berg (43) obtained similar results after sinus denervation alone. Sella- 
durai and Wright (71), however, found that in denervated decerebrate 
cats breathing might sometimes show an initial great acceleration upon 
the induction of anoxemia, but they interpreted this as one manifesta- 
tion of derangement of the central mechanism by anoxemia when the 
protective chemoreflexes are removed. It is practically certain that 
the vigorous hyperpnea which arises promptly when acute anoxemia is 
induced is due to stimulation of chemoreceptors rather than center. 

The relative strengths of the reflex and central components of the 
anoxemic response are also quite clear. Nobody has claimed that the 
center is able to match the vigor of the chemoreceptor response; all 
agree that after denervation of the chemoreceptors any anoxemic hy- 
perpnea is relatively weak. Perfusion experiments have also shown that 
the reflex responses to anoxemia rival in intensity those expected (or 
actually elicited) when the whole organism is exposed. This was 
strongly suggested by the experiments of Heymans, Bouckaert, and 
Dautrebande (46) and of Schmidt (64). It was actually shown to be 
the case in the experiments of Comroe and Schmidt (16), who found 
that the hyperpnea produced by inhalation of nitrous oxide by an 
animal with one carotid body functioning was equalled by that elicited 
by perfusion of the same blood through the other carotid body of the 
same animal; if neither carotid body was functioning during the inhala- 
tion, there was no appreciable hyperpnea, but blood collected at that 
time caused vigorous hyperpnea when subsequently perfused through 
a carotid body. 

Finally, with regard to the relative durability or resistance of the 
chemoreceptors and the center when exposed to anoxemia, there seems 
no doubt that the former are again greatly superior. The fact (46, 64, 
71, 84, 87, 33, 34, 26, 73, 32, 15, 16) that severe anoxemia may cause 
pure respiratory depression or failure when the chemoreceptors are 
denervated indicates that the ‘‘wreckage of machinery” (Haldane) that 
anoxia has for many years been known to exert upon actively metabo- 
lizing tissues becomes evident in the nerve cells of the respiratory center 
under such circumstances. Frequently there is a fall in blood pressure 
when respiration is failing or has just failed at these times, and Gellhorn 
and Lambert (32) attribute this to extreme depression of the vasomotor 
center. While this is, of course, highly probable, the reviewers do not 
agree with them in believing that cardiac depression can be excluded 
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as a factor of considerable importance. By contrast with the de- 
pression and failure of respiration and circulation that are typical 
results of acute anoxemia in the absence of chemoreceptor activity, 
the persistence of respiratory activity in the presence of comparable 
anoxemia with the receptors functioning indicates that the latter are 
much more resistant than the centers to the depressant effects of 
anoxia. 


Intimately related to anoxemia are the actions of cyanides and sulfides, and the 
effects of these on the chemoreceptors are entirely comparable with those of anox- 
emia. This was first shown by Owen and Gesell (61), and has been abundantly 
confirmed since (see Gesell, 36). As with anoxemia, there is some evidence 
(see 36) to indicate that the centers may be directly stimulated, but for this 
considerably larger doses are required than those that suffice to stimulate the 
chemoreceptors, and the central stimulation is certainly much the weaker factor. 
Large amounts can depress the centers, but a depressant effect on the chemo- 
receptors, although it probably exists, has not yet been demonstrated. Thus the 
extraordinary resistance of the chemoreceptors to the disorganizing effects of 
anoxia is again conspicuous. Other drugs—notably nicotine and lobeline—act 
like cyanides and sulfides in these respects (see p. 147). 

An interesting quantitative difference between anoxemia and cyanide (or 
lobeline) as a chemoreceptor stimulant has been pointed out by Gesell (36), who 
states that in recent experiments (unpublished) in his laboratory cyanide has been 
found to be a distinctly stronger reflex stimulant than anoxemia (produced by 
decreased oxygen tension in the arterial blood). He suggests that this may be 
due to the decreased CO, tension and hydrion concentration that would result 
from diminution in the oxygen content of the blood, the anoxic stimulus in the 
chemoreceptors thus being opposed by simultaneous reduction in the other two 
stimuli. We have made similar observations, but have found the same relation- 
ships to hold when a saline fluid was used instead of blood for perfusion of the 
carotid bodies. In such cases there must be another explanation for the supe- 
riority of cyanide to anoxemia (produced by saturating tle perfusion fluid with 
nitrogen or nitrous oxide). It may be that the anoxia produced within the 
receptors by a poison which—like cyanide—strikes at the intracellular activation 
of molecular oxygen, is more rapid in development and greater in degree than that 
resulting simply from reduction in the pressure of molecular oxygen in the blood. 
Both factors would probably operate under ordinary conditions. 


2. Carbon dioxide. The actual experimental evidence on the quanti- 
tative aspects of this problem is fairly consistent though the conclusions 
drawn from it are not. Heymans, Bouckaert, and Dautrebande (46) 
showed a record in which the pneumographic response of a dog to 
inhalation of 3 per cent CO, was not significantly different whether the 
sinus and aortic nerves were intact or cut. In reporting this result they 
stated (l.c., p. 428):—‘“L’action stimulante respiratoire centrale du CO, 
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se superpose donc 4 l’action stimulante réflex (d’origine sino-caroti- 
dienne et cardio-aortique).”’ This simple experiment has also been 
repeated by a number of different workers, and nobody (as far as the 
reviewers are aware) has failed to make substantially the same observa- 
tions as those just indicated. The question here is not, as in the case 
of anoxemia, whether any response remains after the denervation, but 
whether the response has been affected significantly. Among those who 
have reported such experiments, Selladurai and Wright (71—anesthe- 
tized and decerebrate cats), Schmidt (64—anesthetized dogs and cats), 
Green and DeGroat (40—unanesthetized dogs), and Euler and Lilje- 
strand (26—anesthetized cats) mentioned more or less diminution in 
the respiratory response to CO: after the denervation whereas Schmidt 
(64—anesthetized rabbits), Wright (84, 86—anesthetized and unanes- 
thetized rabbits), Stella (75—anesthetized dogs), Gemmill and Reeves 
(34—unanesthetized dogs), Gesell and Moyer (88—anesthetized dogs), 
and Smyth (73—unanesthetized rabbits) found either that the result 
was practically unaltered, or else did not comment on the relationship 
beyond stating that a strong response remained after the denervation. 

At first glance these results appear to represent completely random 
scattering, which may be true, but it should be noted that with only 
one exception (Green and DeGroat) all who have used unanesthetized 
animals have found no significant effect by the denervation on the 
CO. response, and the experiments of Green and DeGroat are open 
to several criticisms. In the first place, although they used three 
denervated dogs, they tested the CO: response before the denervation 
in only one, so that their experiment is really limited to a single animal. 
Second, their procedure was such that the rate of increase in alveolar 
CO, tension depended on the vigor of the animal’s breathing when the 
inhalation began, and it is only reasonable to expect that the oftener 
a dog is used for such experiments the calmer he will become; their 
conclusions are based largely on the fact that the respiratory response 
after the denervation began later and progressed more slowly at first 
but to ascribe this to the denervation is scarcely justified. Selladurai 
and Wright (71) noted that the effects of the denervation were less 
consistent and less marked in decerebrate cats than in anesthetized 
animals. The rabbit’s response to CO, appears not to be affected by 
the denervation, whether the animal is anesthetized or not. 

If—as seems probable—the main factor in these discrepancies is anes- 
thesia (perhaps abetted by trauma, irritation of afferent nerves, etc.), 
it is clear that they can have no decisive bearing on the question under 
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consideration. There is evidence (56, 16) that under anesthesia chemo- 
receptor reflexes play a larger part in respiratory activity than is the 
case in the intact animal. The positive results enumerated above may 
be (probably are) only further evidence in that direction and not proof 
that the response of the intact normal animal to CO: is measurably 
dependent upon chemoreceptor activity. In any case, the consistently 
negative outcome of similar experiments in rabbits would preclude gen- 
eralizations. One is justified in concluding from the denervation experi- 
ment that the contribution of the chemoreceptors to the hyperpnea of 
hypercarbia is certainly less important than the contribution of the 
center itself, and much less important to the total effect than the reflex 
component of the hyperpnea of anoxemia. 

These conclusions are supported by the published data obtained in 
perfusion experiments. Heymans, Bouckaert, and Dautrebande (46), 
as proof of the great sensitivity of the chemoreceptors to changes in 
CQO, tension, cite an experiment in which both carotids of a dog were 
perfused with Ringer’s fluid containing variable amounts of COs and 
buffered to constant pH. In this experiment respiration was reflexly 
stimulated when a fluid containing 7.4 vols. per cent CO, at pH 7.4, 
was replaced with one containing 36.3 vols. per cent COs (pH 7.4); a 
further change to a fluid of 43.6 vols. per cent CO. (pH 7.4) caused 
further (though slight) respiratory stimulation, and finally a change to a 
fluid of 50.4 vols. per cent CO, at pH 7.9 caused respiratory depression. 
The quantitative value of this evidence cannot be determined from the 
available facts because nothing is said about the temperature at which 
the equilibrations and pH estimations were made, nor whether gas was 
allowed to escape between equilibration and entrance of the fluid into 
the carotids if the fluid was warmed after equilibration. Without in- 
formation on these points the CO, tension, which must have been the 
determining influence, cannot be estimated with any accuracy. If we 
take the above-mentioned figures as they stand, however, the CO, 
tension of the first solution would be about 5 mm. Hg, of the second 
about 25, of the third about 30, and of the fourth approximately 12— 
all at 38°. Apart from the change from the 25 to the 30 mm. solution, 
the magnitude of the variations in CO, tension required to produce a 
reflex respiratory effect (which was far from marked) was not such as 
to indicate great sensitivity. The change from 25 to 30 mm. is, as 
they state, about that to be expected between arterial and venous 
blood. Since the same example is reproduced in the recent review by 
Heymans and Bouckaert (45), it seems fair to assume that this is the 
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best result obtained by them. If that is true, one is entitled to conclude 
that the threshold of the carotid chemoreceptors was never less than 
5 mm. under the conditions of their experiments, and that result has 
recently been duplicated in a series of similar experiments on dogs now 
under way in this laboratory (66); in these, however, the 5 mm. thresh- 
old was encountered only once in 5 very reactive animals, a 10 mm. 


change being the minimum required for some, a 15 to 20 mm. change 
for others. 


These results of Heymans et al. have been widely quoted as proof of the very 
great sensitivity of the chemoreceptors to changes in the CO, tension of the blood: 
although, as noted above, no actual data bearing on that point are given in their 
paper. Even if they had been, one might still hesitate to accept them without 
some indication of the number of experiments performed and of the frequency 
with which this result was obtained. To draw a conclusion as important as this 
from the result of one experiment is to ignore the factor of individual variability— 
which it is never safe to do in a biological investigation, and which is particularly 
unjustifiable here because Comroe (15) has been able to show wide individual 
variations in the effectiveness of chemoreceptor reflexes. Furthermore, as the 
reviewers know from personal experience, there is a psychological hazard in 
experiments like this which can easily lead to exaggeration of the value of an 
unusually favorable result, in the following manner: the preparation involves 
extensive dissection, ligation of vessels, artificial circulation, and numerous other 
factors, all operating in the direction of diminished effectiveness of the reflexes. 
The experimenter must be prepared to find that a certain proportion of such 
preparations will have inactive reflexes, and this he will (quite properly) ascribe 
to artifacts. In another (and larger) group, reflexes will be present, though of 
variable activity, and in a third (perhaps quite small) group they will be extremely 
active. It is natural to regard the most striking results as those to be expected 
in the absence of artifacts and to publish them as the closest approach to the 
normal state. Actually, however, the investigator can never know that to be the 
case; perhaps he was dealing with responses that are wholly exceptional, and, for 
all that he can tell, the less impressive results may really be closer to those to be 
expected in the average animal. Furthermore, as the experimenter’s experience 
and skill increase he incorporates in his technic various items and procedures 
which he has found helpful to bring out the desired result in maximum intensity; 
in so doing he may remove the experimental conditions further and further from 
the normal state, but it is not easy to allow for this in drawing conclusions from 
experiments that represent a real masterpiece of technical proficiency. As an 
example of a factor of this sort the anesthetic (chloralose) used by Heymans in 
most of his work may be cited. The statement has been made elsewhere (65) 
that this drug exaggerates the pressure reflexes from the carotid sinus, and in 
recent experiments (68) on decerebrate dogs the same thing has been found true 
of the chemoreflexes, for chloralose consistently lowered the threshold of the 
carotid bodies to intraarterial injections of minute doses of cyanide. An addi- 
tional example is the use of vagotomy and artificial respiration to reinforce the 
vasomotor reflexes from the carotid bodies. 
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It appears to the reviewers that the lesson to be derived from all this is that 
when the results of technically sound simple experiments conflict with those 
of comparably sound complicated ones, the burden of proof should be on the 
latter. In other branches of biology this is almost universally the case, but in this 
particular field there has been a notable tendency to glorify the complicated 
experiment. Specifically, their simple denervation experiment gave little justi- 
fication for the belief that chemoreceptor reflexes play a prominent part in the 
organism’s response to CO:, because there was vigorous hyperpnea before and 
after denervation and the respiratory record was not quantitative, yet in their 
first paper Heymans, Bouckaert, and Dautrebande (46) concluded (p. 447): ‘‘La 
sensibilité réflexogéne respiratoire des sinus carotidiens domine la sensibilité 
directe du centre respiratoire aux différent excitants: pression artérielle, ion 
hydrogéne, CO, et anoxémie.”’ 


These perfusion experiments were repeated by Schmidt (64) and the 
results were confirmed qualitatively, not only in anesthetized dogs but 
also in decerebrate cats. By comparison with the effects of anoxemia, 
however, those due to simple hypercarbia seemed very slight ;in one of the 
examples published (64—fig. 14), a reflex hyperpnea due to anoxemia 
in the donor was abolished just as promptly when (by mistake) the 
donor was given 10 per cent CO, in oxygen to inhale as had been the 
case when pure oxygen was given. Nevertheless definite confirmation 
was secured of the ability of the carotid chemoreceptors to respond to 
changes in CO: content of the blood, and in the example shown (64— 
fig. 15) an increase of 4.6 vols. per cent in arterial CO, content sufficed 
to elicit reflex hyperpnea in a dog. 

Gayet, Bennati, and Quivy (31) also repeated the perfusion experi- 
ment on dogs, using defibrinated dog or beef blood diluted with an 
equal volume of Locke’s fluid for the purpose. They reported marked 
reflex hyperpnea from increases in arterial CO, within physiological 
limits, which, in the example cited, is stated to be ‘une augmentation 
de 16 per cent de CO, dans le liquide artificiel.’”” Whether this means 
an increase amounting to 16 vols. per cent (which seems probable, 
since CO, content was determined by Van Slyke’s method) or a 16 per 
cent increase above the preéxisting level of blood COs, is obscure, but 
in either event the rise in CO, tension in a blood already diluted with 
an equal volume of Locke’s fluid was certainly considerable. In a 
crossed-circulation experiment, in which arterial blood of a donor dog 
was run directly through the vascularly isolated carotids of the recipient 
animal, they got a reflex response in the recipient comparable with 
that in the donor; the rise in blood CO, amounted to 7 per cent (am- 
biguous as above), yet to this apparently marked change in blood CO, 
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the donor is said to have shown only a feeble response. These workers 
refrained from committing themselves on the quantitative aspects 
involved, because of the lack of quantitative measurements of respira- 
tion, the paucity of data relative to blood CO: content, and the absence 
of information concerning pH and CO, tension. They state that on the 
whole the central response was more constant than the reflex, while 
the intensity of the reflex response was usually less (though occasionally 
greater) than that of the center after sinus denervation—a statement 
which strongly suggests that the response of the center was tested at 
the end of the experiment, in which case the condition of the animal 
after a prolonged bout of narcosis, perfusion, etc., must be taken into 
consideration. 

The perfusion experiments of Bernthal (4) have already been men- 
tioned and his results concerning the threshold of the carotid bodies to 
anoxemia commented upon. The reflex effects of increase in CO: ten- 
sion of the blood were stated to have been weaker than those of 
anoxemia, to have shown more tendency than those of anoxemia to 
diminish during continued application of the stimulus, and the sensi- 
tivity to changes in CO, tension to have varied greatly in different 
animals; since no comparable statement appears in his comments on 
the sensitivity to anoxemia, it is probable that the latter was more 
consistent in his experiments, as it was in Schmidt’s. Bernthal was the 
first to report data concerning the changes in CO, tension in the 
carotid blood required to elicit reflex effects: the smallest effective change 
was 15 mm. Hg, and the response to this was barely discernible. In 
the other examples listed, there was quite distinct (though by no means 
striking) reflex hyperpnea and a definite reflex vasoconstriction when 
the CO, tension was changed from 45 mm. to 76 mm., while a change 
from 45 mm. to 114 mm. produced strong reflex hyperpnea and vaso- 
constriction. 

Simultaneously with Bernthal, Comroe and Schmidt (16) reported 
observations on the reflex and central effects of hypercapnia, made along 
with those on anoxemia, already mentioned in that connection. Their 
results agreed completely with those of Bernthal: the reflex effects of 
CO, (on respiration) tended to be distinctly less powerful,-less con- 
sistent, and less well sustained than those of anoxemia. They found 
the smallest increase in CO, content by which a reflex hyperpnea was 
elicited to be about 4 vols. per cent. They also calculated the corre- 
sponding CO, tension to have been about 20 mm. Hg, but the pH 
estimations used in the calculation have subsequently been found faulty 
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and that figure is therefore worthless. The respiratory center was 
affected by increases in blood CO, smaller than 1 vol. per cent and 
minute volume of breathing was practically doubled when the change 
reached 2 vols. per cent. The reflex hyperpnea produced by a given 
change in CQO, never approached the central in intensity, nor was it 
nearly as strong as the reflex hyperpnea produced in the same animal 
by anoxemia. These authors concluded that the carotid body receptors 
are distinctly less sensitive than the center to changes in CO, content 
of the blood, and believed their results to indicate that the normal 
regulation of breathing is accomplished without changes in chemo- 
receptor activity. 

This conclusion has been contested by Heymans and Bouckaert (45), 
who point out—quite justly—that the reflex hyperpnea is necessarily 
diminished in intensity by loss of CO. through the expired air, thus 
reducing the chemical stimulus to the center, while during inhalation 
of CO: that is not the case. Their argument does not, of course, apply 
to the demonstrated differences in threshold to COs, but only to the 
differences in intensity of the reflex and central hyperpneas. ' Nor does 
it take account of the fact that, in the experiments of Comroe and 
Schmidt, anoxemia was proved to be capable of producing a much more 
intense reflex hyperpnea than hypercarbia, thus indicating that the 
preparations were capable of showing a strong reflex hyperpnea even 
though it meant reduction in the CO, tension of the blood. 

Heymans and Bouckaert (45), however, state that the carotid 
chemoreceptors have a lower threshold than the center to CQs, that 
they react more rapidly than the cells of the center, and that they 
preside over the rapid and fine regulation of breathing by CO, In 
support of this, they cite the results of an experiment on a dog in which 
the external carotid and occipital arteries were ligated on both sides, 
leaving the internal carotids open; the carotid innervation was left intact 
on one side, severed on the other; the vertebral arteries were also ligated. 
When ‘‘an appropriate quantity” of sodium bicarbonate solution of 2 to 
3 per cent strength, buffered with CO, to pH 7.3, was injected into the 
innervated carotid, there was an immediate hyperpnea, whereas on the 
denervated side 10 to 20 times as much had to be injected before the 
respiratory center was stimulated, and then the effect was slower in 


onset and weaker, though more progressive and prolonged than the 
reflex effect. 


One objection to this experiment is that the animal may have been one such 
as we have occasionally encountered, in which chloralose, in ordinary dosage, 
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practically abolishes the response of the respiratory center to CO: while distinctly 
exaggerating the sensitivity and the effectiveness of the carotid chemoreceptors. 
Another difficulty in drawing conclusions from such an experiment is pointed 
out by the authors themselves, namely, that the material injected must have been 
diluted with much more blood by the time it reached the center than had been 
the case when it reached the carotid body; they state that they do not believe 
that this dilution could amount to 10 to 20 times, though they give no reasons for 
that belief. Since the point at issue is not whether the carotid chemoreceptors 
can or cannot be made to respond to changes in CO, tension if the changes are 
sufficiently large, but whether the chemoreceptors are or are not more sensitive 
and rapid than the centers in responding to a given change, the validity of their 
conclusion depends on whether the stimulus acting on the center was comparable 
with that acting on the receptors. The CO, tension of a 2 per cent sodium bi- 
carbonate solution, buffered with CO, to pH 7.3, would be 479 mm. Hg, that of a 
3 per cent solution, similarly buffered, 724 mm., both at 38°C. In such an experi- 
ment this solution is injected into a relatively small amount of blood, since the 
carotid flow was intentionally restricted, and it would necessarily reach the 
carotid body almost instantly, with little opportunity for physico-chemical 
equilibrium to be established with the blood and none at all for dilution. The 
CO, tension of the fluid reaching the carotid body might therefore be enormous, 
and an immediate, powerful reflex response is not surprising. Between that 
point and the medulla, however, there is opportunity for a number of things to 
happen, all tending greatly to reduce the CO, tension of the blood. One is diffu- 
sion of CO, into the erythrocytes, to be converted into bicarbonate and bound as 
carbamate. Another is sweeping of a large proportion of the CO,-rich blood 
forward, not only into the cerebral circulation but also, through the ophthalmic 
retia mirabilia (3), into the entire external carotid system, most of which is now 
being supplied with blood carried by the anterior spinals and internal carotids. 
In addition the CO:-rich blood would be diluted with the presumably equal 
volume carried by the other internal carotid and with that brought by the anterior 
spinals, which may be considerable (witness the survival of one of Leonard Hill’s 
dogs to become a household pet after ligation of both common carotid and verte- 
bral arteries; Schmidt (64) gave data indicating that the anterior spinal-basilar 
communication may account for as much as 25 per cent of total cerebral blood-flow 
in dogs, for after occlusion of both carotid and both vertebral arteries outflow 
from the cerebral venous system was reduced on the average by 76 per cent). 
Doubtless there are other factors that would operate in the same direction. 
The situation in such an experiment seems to the reviewers to be too complicated 
and too imperfectly understood to permit any quantitative conclusions regarding 
the CO, tensions operating at the carotid body and at the respiratory center, and 


therefore regarding the respective thresholds and speeds of the responses of the 
two structures. 


Recent experiments by Schmidt, Dumke, and Dripps (67) were in- 
tended to test Heymans’ belief by the simplest methods available, i.e., 
by determining the elapsed time and the increase in arterial CO, tension 
required for the appearance of a distinct (50 cc.) increase in depth of 
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breathing, before and after inactivation of the carotid chemoreceptors, 
in lightly anesthetized vagotomized dogs subjected to slowly rising 
CO, tension in the blood. In the 6 best-conducted experiments the 
average elapsed time was 1 minute 15 seconds with the carotid innerva- 
tion intact, 55 seconds with it inactivated—i.e., a tendency in the 
direction opposite to that to be expected if the carotid bodies respond 
more rapidly than the center. The average increase in arterial CO. 
tension at which the hyperpnea began was identical under the two 
conditions (3.3 and 3.4 mm. Hg), which gives no support to the belief 
that the chemoreceptors are significantly more sensitive than the center 
to increase in CO, tension in the blood. 

Obviously, what is needed to decide the latter question is an adequate 
amount of valid quantitative data regarding the sensitivity of the center 
and the sensitivity of the chemoreceptors to changes in the CO, tension 
of their environment, under comparable conditions. Concerning the 
threshold of the center, the experiments just cited are probably valid 
for the vagotomized dog, lightly anesthetized with morphine and 
chloralose, and breathing 1 to 2 per cent CO, in oxygen: the average 
increase in arterial CO. tension at which depth of breathing was in- 
creased by 50 cc. (or more in some cases), with the carotid bodies 
inactivated, was 3.4mm. Hg. This is probably higher than the actual 
threshold of the center because, to be certain that hyperpnea was 
actually beginning, it was necessary to wait for a second deeper breath, 
and by the time the blood was collected a third breath often had been 
taken; frequently these succeeding breaths were deeper than the first 
one. The actual threshold of the center to CO, was therefore probably 
less than 3 mm. Hg, but that figure may be taken as a conservative 
estimate of the order of sensitivity involved in such experiments. 

The sensitivity of the chemoreceptors to changes in CO, tension 
(and pH) has been under investigation in this laboratory for more than 
a year. The animals (dogs) are lightly anesthetized with morphine and 
chloralose, vagotomized, and both carotid bodies are perfused with 
oxygenated Locke’s solution, this being preferred to blood because with 
it one variable can be dealt with at a time. Results so far obtained (66) 
justify the statement that the greatest sensitivity to be expected corre- 
sponds with a change of about 10 mm. in CO, tension, for this is en- 
countered only in exceptionally sensitive preparations. (In one case, 
as already mentioned, a 5 mm. increase coincided with slight though 
distinct reflex respiratory stimulation, but this could not be repeated 
and has never been duplicated.) In the majority of animals a change 
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of 15 to 20 mm. was required. Since these were perfusion experiments 
with saline fluid, the propriety of applying the results to the intact 
animal may be questioned. As far as we have been able to determine, 
saline perfusion per se does not diminish, and often definitely enhances, 
the activity of the carotid bodies, provided that the solutions are pre- 
pared with precautions similar to those required for successful perfusion 
of the mammalian heart. In any case, no other data are available at 
present. 

The two thresholds to CO, are therefore about 3 mm. for the center, 
about 10 mm. for the carotid chemoreceptors, in the vagotomized, 
lightly anesthetized dog. Whether this ratio is or is not applicable to 
the intact unanesthetized animal or man is of course unknown; all 
information now available inclines the reviewers to believe that the 
abnormalities which were inevitable in the above-described experiments 
decrease the sensitivity of the center more than that of the carotid 
bodies, so that the ratio in the intact animal should be even more 
favorable to the center—certainly no less so. 

With regard to the relative strengths of the reflex and central responses 
to COe, the burden of evidence leaves little doubt that the central is by 
far the stronger. The mere fact that the response of the whole animal 
to inhalation of CQO, is not significantly altered by inactivation of the 
chemoreceptors seems to be irrefutable evidence that the latter do not 
play prominent or essential parts in the hyperpnea of CO.. Heymans, 
on the contrary, still holds (45) that the reflex effect is stronger than the 
central because a reflex hyperpnea can be maintained (in perfusion 
experiments) by increased COs, tension in the carotids even though the 
CO: tension acting on the center is reduced by the concomitant hy- 
perpnea. If the reflex factor really is stronger than the central, the 
reflex hyperpnea should produce a fall in arterial CO, tension greater 
than the increase in CO, tension required to set up the reflex. This is 
almost certainly not the case. In the reviewers’ experience the reflex 
hyperpneas produced by increases in CO, tension smaller than 20 mm. 
have been relatively slight and not well sustained; only when the 
increase exceeded 20 mm. did the reflex hyperpnea become strong and 
persistent during the exposure. Bernthal’s (4) experience apparently 
was similar. A fall in arterial CO, tension of the order of 20 mm. is 
not likely to be demonstrable as a result of the relatively slight reflex 
hyperpnea due to an increase of less than 20 mm. in the CQ, tension of 
the fluid in the ecarotids. Again, if the reflex effect of CO. is greater 
than the central it should have been possible for those who have done 
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crossed-circulation experiments to show that inhalation of CO, by the 
donor animal produces a greater hyperpnea in the recipient than inhala- 
tion of the same mixture by the recipient under comparable circum- 
stances, but while this has been repeatedly shown to be true of anoxemia, 
it has never been shown for hypercarbia. It is true that Gayet, Ben- 
nati, and Quivy (81) cite an experiment in which the donor dog’s re- 
sponse to a 7 per cent rise in the CO, content of its arterial blood was 
smaller than the recipient’s reflex response, but a result such as this can 
only mean that, because of deeper narcosis or other factors, the donor 
was less reactive than the recipient; the real test would then be to com- 
pare the recipient’s own response to a given change in its blood with 
that elicited reflexly. This was done by Comroe and Schmidt (16), 
with results that have already been described (p. 129). 

8. Hydrion concentration. This aspect of the problem has received 
little quantitative study. Heymans, Bouckaert, and Dautrebande (46) 
showed, by perfusion experiments, that reflex hyperpnea could be pro- 
duced by changes in pH of the fluid, but they pointed out that the 
requisite changes were beyond the range pH 7.1 to 7.6. Since then a 
number of workers (see 47, 36) have demonstrated respiratory stimula- 
tion on intracarotid injection of acid, depression on similar injection of 
alkali, and the reflex nature of these responses was proved by their 
occurrence only if the carotid innervation was intact. Such results are 
of course purely qualitative; they cast no additional light on the relative 
sensitivity of the chemoreceptors and of the center to pH changes. 
Comroe and Schmidt (16) found no evidence of sensitivity of the carotid 
chemoreceptors to changes in pH in the blood, for blood to which HCl 
had been added was no more stimulant than the unacidified residue of 
the sample; their estimations of pH are now known to have been faulty 
and these particular results are valueless. Recent experiments (66) 
have given very different results, for distinct reflex respiratory effects 
have been produced quite regularly by changes of as little as pH 0.1 
(phosphate buffer solutions, saturated with oxygen and free of COs). 
With larger changes (pH 0.4-0.6) intense reflex hyperpnea has been 
frequently observed. These recent studies show that pH changes are 
capable of stimulating the chemoreceptors almost as strongly as anoxia, 
and much more strongly and consistently than increased CO, tension, 
unless the latter is very great. 

The threshold of the carotid chemoreceptors to changes in pH (accept- 
ing the lowest figure for which there is any experimental basis) therefore 
appears to be at about pH 0.1 in the dog under the conditions specified 
in the discussion of the CO, threshold. 
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An attempt to summarize graphically the relative sensitivities and 
strengths of the reflex and central components of the total (respiratory) 
response to anoxemia, hypercarbia, increased acidity, and cyanide (or 
lobeline) appears in figure 1. The presentation pertains to the anes- 
thetized dog. It is schematic, but the relative thresholds, and the 
relative intensities associated with increasing strengths of the stimuli, 
are in accordance with the available experimental data. These, in the 
case of the anoxemia and hypercarbia graphs, are derived from the work 
of Comroe and Schmidt (16), supplemented by data obtained in recent 
experiments (66); the pH data are based entirely on the recent studies; 


SCHEMATIC COMPARISON OF CENTRAL AND 
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the graph for cyanide (or lobeline) represents impressions rather than 
actual measurements. Since figures for changes in gas tensions in 
experiments like this are very scanty, we have used percentages of both 
oxygen and COQ, in the blood; the relationships would certainly not be 
modified significantly if gas pressures were used instead. 

The important points which these graphs are intended to bring out 
are as follows: the hyperpneas of anoxemia, cyanide, and lobeline are 
to an overwhelming degree reflex in origin; a component due to direct 
stimulation of the center is slight, has a relatively high threshold, and 
the margin of safety between central stimulation and depression is a 











136 CARL F, SCHMIDT AND JULIUS H. COMROE, JR. 


narrow one, whereas no depression of the reflex receptors by these 
agents is shown since none has yet been demonstrated. The hyperpneas 
of increased CO, and acid, on the other hand, are shown to begin as 
purely central affairs; the reflex factor comes into play only when the 
central response is nearing its peak, but the reflex stimulation becomes 
more and more important as the central response changes from stimula- 
tion to depression, as it would at high COz2 percentages or hydrion con- 
centrations. The maximum reflex effect of COs or acid excess can 
equal that of anoxemia if the excess is great enough, while that of cyanide 
or lobeline can exceed the others (see p. 124). The maximum total 
hyperpnea produced by CO, or acid is greater than that of anoxemia, 
approximately equal to that of cyanide or lobeline. The shapes of the 
anoxemia and COs: graphs indicate (as was actually found by Comroe 
and Schmidt) that the reflex hyperpnea increases rapidly with decreasing 
oxygen percentage in the blood and soon reaches a maximum, while in 
the case of CO, the reflex factor increases progressively with the rising 
COz content of the blood. The resemblance of these relationships to 
those illustrated by the dissociation curves of oxygen and carbon dioxide 
in the blood was pointed out by Irving (52). 

III. THE PART PLAYED BY CHEMORECEPTOR ACTIVITY IN THE CONTROL 
OF RESPIRATION. On this question two distinct viewpoints have been 
developed. According to one, the chemoreflex system plays a signifi- 
cant part in the control of breathing under all circumstances; this view, 
sponsored by Heymans and his co-workers, has been adopted by most of 
the subsequent workers in the field (Wright, Gayet, Euler, Stella, Bern- 
thal, Winder, Gesell, etc.). The other holds that the reflex system is 
too insensitive to respond to the slight changes in CO, tension or pH 
of the blood associated with respiratory control under ordinary condi- 
tions, but that by virtue of its great resistance to depressant agencies it 
comes into play as an accessory, supporting mechanism in emergencies 
such as anoxia and unusually great increases in CO, tension (Comroe 
and Schmidt; Schmidt). It now appears that the truth lies somewhere 
between these extremes. 

The first of these viewpoints is not at all in harmony with available 
evidence concerning the thresholds of the chemoreceptors and the center. 
This becomes quite evident when the blood changes known to occur 
during the commonest and most normal respiratory adjustment, i.e., 
that to muscular exercise, are compared with known values for the 
thresholds of the chemoreceptors. Representative data are given in 
table 1. The threshold values in each case are the smallest for which 
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there is valid experimental support. It is assumed that the threshold 
of the whole organism to anoxemia is that of the chemoreceptors, and 
that—in the absence of information to the contrary—it is better to use 
our recent data bearing on chemoreceptor thresholds to CO, and pH, 
even though they were obtained in dogs, than to resort to inferences 
unsupported by actual evidence. 

These data show clearly that in this individual the increased pulmo- 
nary ventilation during exercise must have been due to the increased 
acidity of the arterial blood, for the arterial CO, tension actually de- 
creased slightly. The change in arterial pH that sufficed to produce 
this hyperpnea (a seven-fold increase in breathing is indicated by the 


TABLE 1 


Relation of changes in human blood during exercise to known thresholds of 
respiratory center and chemoreceptors 




















BLOOD oF A, V. B. (JOURN. BIOL. CHEM., 73: 749, 1927) 
‘At rest (O2 uptake=| Exercise (O2 uptake= 
250 cc./min.) | 1750 cc. /min.) 
acne EERE Cee <3 | THRESHOLD OF | THRESHOLD 
S| | | g | 8 | RESPIRATORY | OF CHEMORE- 
Ss | | | § =% | CENTER OF MAN| CEPTORS 
= | | _ | 
© i) oot ae 
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O2 tension (mm.).... .|78 40 38 75 31 | 44 —3 More than —23*;| —23 (Ellis) 
COs tension (mm.)... 40 45.4 | 5.4 38 154.8 | 16.8 |—2 Less than +1.5*| +10 (dog) 
pH (serum).. sweet 7.425, 7.399) 0.026) 7.351) 7.278) 0.073| —0.074 —0.0006* —0.1 (dog) 








* These figures are derived as follows: for anoxia, the central threshold is taken to be higher than tha* 
of the chemoreceptors; for COs, a 1.5 mm. increase in alveolar (= arterial) CO2 tension suffices to double 
the resting ventilation (Haldane, 41) and the threshold must be lower than this; for pH, an increase of 
1.5 mm. in CO: tension means a fall of 0.012 in pH, and one-twentieth of this is enough to affect breathing 
(Haldane, 41, p. 185). 


change in oxygen uptake) was still well below any demonstrated sensi- 
tivity of the chemoreceptors to pH changes. The 3 mm. change in 
arterial oxygen tension was too small to have any effect on the chemo- 
receptors. As far as existing information goes, a response such as this 
must have been due entirely to a direct effect on the center. The size of 
the gap between the sensitivities of center and chemoreceptor is indi- 
‘ated by the figures for arterial and venous blood: if the latter were 
suddenly to replace the former in the arteries, the changes would still 
be insufficient to reach the threshold of the chemoreceptors (except in 
regard to oxygen tension) during the resting state, and during exercise 
the rise in arterial CO, tension thus produced would be of an order that 
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suffices to elicit a rather slight reflex hyperpnea in favorable experiments 
on dogs. 

The weakness of this argument is naturally the comparison of data 
on chemoreceptor thresholds, obtained by perfusing saline fluids through 
the carotid bodies of anesthetized dogs, with data obtained from a study 
of the blood of unanesthetized man. There are no data on chemo- 
receptor thresholds to CO, or pH in man, and there is no prospect of 
obtaining them by direct experimentation. It is undeniable that the 
sensitivity of the reflex system in intact man may be greater than it 
was in the dogs, but we think it very improbable that the gap between 
the two sets of values would be closed by such data, first, because the 
chemoreceptor thresholds to anoxemia, as directly determined in ani- 
mals, were not very different from the threshold of intact man to 
anoxemia (p. 122), and second, because the sensitivity of the chemo- 
reflex system of decerebrate (but unanesthetized) dogs to cyanide is 
consistently increased by the anesthetic (chloralose) used in the dog 
experiments although the reactivity of the center (to CO2) is unchanged 
or reduced (68). This takes no account of the artificialities of the 
perfusion; we have no data for evaluating that factor. The comparison 
shown in table 1 is advanced as simply representative of the data that 
are available at present and in hopes of crystallizing opinion on this 
subject. 

The second viewpoint implies that the chemoreceptors are not active 
under normal conditions and become so only in unusual (emergency) 
circumstances typified by anoxemia, the marked hypercarbia associated 
with severe respiratory depression, and the action of certain drugs and 
poisons. This has become untenable in view of the continually increas- 
ing burden of experimental evidence indicating that the reflexes are 
active under normal conditions, and although the evidence is probably 
not as overwhelming as it seems there is little doubt that this view should 
be modified. The evidence, as usual, consists both of the simple dener- 
vation experiment and the more complicated perfusion procedure; 
studies of action potentials in the sinus nerve have also been used to 
elucidate this problem. 

Among those who have done the simple denervation experiment, 
Selladurai and Wright (71) and Euler and Liljestrand (26) found (in 
cats) that the volume of breathing tended to be less after carotid dener- 
vation than before, and Euler (25) has recently presented additional 
evidence in the same direction. Euler and Liljestrand also found that 
the percentage of CO, in the alveolar air rose distinctly after the dener- 
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vation. All concluded that reflexes from the chemoreceptors are 
continuously effective even during quiet breathing. Witt, Katz, and 
Kohn (83) reached the same conclusion from experiments on dogs, in 
many of which respiratory failure occurred after bilateral (or even 
unilateral) denervation of the carotid reflex zone. 

The propriety of drawing the above general conclusion from such 
experiments may be questioned on several grounds. One is the influence 
of the narcotic: there is no doubt that when the center is heavily 
drugged reflexes from the chemoreceptors may remain effective although 
the response of the center to CO: inhalation is reduced or lost. The 
reflexes then become more and more important (56, 16, 65), and the 
results of denervation under such circumstances may have no relation 
to more normal conditions. This is particularly applicable to the 
experiments of Witt, Katz and Kohn, but it also applies to the others. 
Selladurai and Wright found that decerebrate cats showed less consistent 
effects of this sort than narcotized animals. Another objection is 
trauma: in most cases the denervation was accomplished by mass 
ligations, and Witt, Katz and Kohn also used a phenol solution, absorp- 
tion of which might have been a factor in their results. In any event, 
the effect of a similar dissection without sinus denervation does not seem 
to have been tested. Stella (75) dissected out the sinus nerves at the 
outset of the experiment and found clean section of them to elicit (in 
dogs) no consistent effect on the minute volume of breathing: depth 
tended to decrease, rate to increase. Still another factor is the rise in 
blood-pressure following the denervation, which may be very marked in 
reactive animals; this could of itself be responsible for changes in 
breathing, but the possibility does not seem to have been taken into 
consideration. 

Observations bearing on this point were made recently by Schmidt, 
Dumke and Dripps (67) on lightly anesthetized, vagotomized dogs 
whose carotid pressoreceptors were divided while leaving the chemo- 
receptors functioning. When—during oxygen inhalation—the sinus 
nerves were blocked (with procaine)—which could be done without 
further manipulations and which now caused relatively little or no 
hypertension—breathing was not consistently affected and there were 
no significant changes in the pH, COz2 content or CO, tension of the 
arterial blood. Precautions were taken to demonstrate the activity of 
the chemoreceptors (by intracarotid injections of cyanide) and of the 
center (by inhalation of CO,). These experiments cast serious doubts 
upon the importance of the tonic activity of the carotid chemoreceptors 
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maintained by the CO, tension or pH present in arterial blood during 
quiet breathing without anoxemia. 

The fact that breathing may be depressed (sometimes markedly) by 
inactivation of the sinus nerves in anesthetized dogs has been confirmed 
by Gesell and Lapides (37) and by Schmidt, Comroe, and Dripps (66), 
under conditions such that trauma and irritation were obviated (block 
of the exposed nerves by cold or procaine). Whether this justifies the 
conclusion that the chemoreceptors are active under conditions normally 
associated with quiet breathing depends, of course, on the experimental 
conditions: if the animal was deeply narcotized and its breathing cor- 
respondingly depressed, such a result only furnishes further proof that 
the chemoreceptors are active under those circumstances. 

Perfusion experiments bearing on this aspect of the subject were made 
by Bernthal (4), who found that the vasomotor activity of the chemo- 
receptors was diminished when the oxygen content of the perfusing 
blood was raised above normal values, when its CO, tension was reduced, 
and when its acidity was diminished by the addition of Na,CO;. He 
concluded tentatively that—‘‘the carotid body region is the source of a 
tonic chemo-reflex vasoconstrictor influence and that this is dependent 
upon the carbon dioxide and oxygen tensions of arterial blood.’”’? Even 
though the indicator of change in chemoreceptor activity which Bernthal 
used was probably an unusually sensitive one (see p. 144), the above 
conclusion remains unaltered in principle; the importance of the tonic 
influence may however have been exaggerated. 

Additional perfusion experiments were made by Bernthal and Weeks 
(5) who pumped shed dogs’ blood through the carotid bodies of dogs 
while maintaining constant the activity of the pressoreceptor system by 
means of a separate perfusion system. They found that cooling of the 
blood perfusing the carotid bodies caused reflex depression of the 
respiratory and vasomotor centers, while warming the blood had the 
reverse effect. They attribute these results to alternate inactivation 
and stimulation of the chemoreceptors in the carotid bodies. They 
were mainly interested in the nature of the regulation of chemoreceptor 
activity (see p. 149) and probably for that reason neglected to give data 
relative to the chemical state of the perfusing blood. In the absence of 
such information it is impossible to decide concerning the applicability 
of these results to the question of tonic chemoreceptor activity main- 
tained by the CO, tension normally encountered in the arterial blood. 

These experiments were recently repeated by Schmidt, Comroe, and 
Dripps (66), with the difference that a saline fluid was used instead of 
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blood, to obviate the complex changes that occur in blood when its 
temperature is varied (see p. 151). They fully confirmed the results of 
Bernthal and Weeks: cooling of the perfusing fluid caused reflex re- 
spiratory depression or apnea and warming caused hyperpnea. But 
they added the further observation that a result of the same sort could 
be obtained when the perfusing fluid was saturated with oxygen, free 
of COs, and of pH 7.5, i.e., when there was no known stimulant there to 
keep the carotid bodies active. (The oxygenation was proved adequate 
by the occurrence of apnea when such a fluid was substituted for one 
made anoxic by saturation with nitrogen or nitrous oxide.) These 
results indicate either that some of the chemoreceptors have so great a 
sensitivity to pH, CO: or anoxia that they are active when all of these 
factors are present in subnormal quantity (greatly subnormal in the case 
of COsz), or else that there are receptors here that respond to something 
other than these three known excitants and are not strictly chemo- 
receptors at all. The possibility of temperature receptors was suggested 
by those authors, but they have adduced no evidence in support of that 
idea. It is equally possible that the receptors in question are con- 
tinually activated by pH (see p. 153). In the recent experiments 
of Schmidt, Dumke and Dripps (67) there was no consistent depression 
of breathing when the chemoreceptors were inactivated during oxygen 
inhalation, even though the arterial plasma was distinctly more acid 
than pH 7.5 (the average was pH 7.4); this suggests that the amount of 
tonic activity maintained in ordinary chemoreceptors by pH 7.5 is 
negligible. But the same statement can also be made about tonic 
discharge from receptors activated by temperature, for this must also 
have been excluded when the sinus nerves were blocked, and if breathing 
was not distinctly depressed by this procedure it could not have been 
affected to an important degree by any sort of impulses from the carotid 
bodies during quiet breathing of oxygen. At present it seems most 
likely that striking results from the cooling experiment represent an 
unusual state of affairs rather than the usual one, and that animals 
showing such responses would be included among the small group that 
show distinct respiratory depression when the chemoreceptors are 
inactivated under resting conditions. 

Studies of the electrical activity in the sinus nerve in relation to 
chemical excitation were first reported by Heymans and Rijlant (50) 
(in rabbits), but the published record is extremely difficult to evaluate. 
Subsequently Bogue and Stella (7), Samaan and Stella (63), Zottermann 
(88), and recently Euler, Liljestrand and Zottermann (29) have in- 
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vestigated this problem. All have used cats, and all have agreed that, 
in the sinus nerve of this animal, it is possible to record action potentials 
whose characteristics are different from those of the pressoreceptors: 
the former bear no relation to heart beats, are smaller, persist when the 
carotid pressure is lowered nearly to zero, increase progressively during 
asphyxia or hypercarbia, and continue for a long period (up to 30 
minutes—Bogue and Stella) after cessation of the heart beat. Stella 
and co-workers, and Zottermann, both attempted to eliminate the 
fibers from the pressoreceptors by careful dissection, and both reported 
almost (though not quite) complete success in removing pressoreceptor 
activity of the sort studied by Bronk and Stella (13), while retaining 
this other type of electrical discharge. Zottermann believed that the 
latter comes from fibers smaller than those concerned in the pressure 
reflexes. Samaan and Stella reported that this discharge diminishes or 
ceases when the arterial CO, tension falls below 33 to 35 mm. Hg; in the 
example given, there is a small discharge at 35 mm. tension, more at 50, 
again more at 59, and still more at 72. They conclude that a tonic 
excitation of the respiratory center is thus proved to be set up in the 
carotid chemoreceptors by the CO, tension normally present in the 
arterial blood. Euler, Liljestrand, and Zottermann (29) have kindly 
placed at our disposal a copy of the proof of their paper, which is now 
in press. They confirm Stella’s conclusions in the main, though re- 
porting that some chemoreceptors are active at CO: tensions below 30 
mm.; they also find greater sensitivity to anoxia than has been reported 
hitherto, for there were signs of reflex activity as soon as the arterial 
oxygen saturation fell below 96 per cent, which was considerably higher 
than the 89 to 92 per cent oxygen saturation that they found in the 
arterial blood of their cats when spontaneously breathing air. From 
these results they conclude that some tonic chemoreceptor activity is 
maintained, even under resting conditions, by the oxygen as well as the 
carbon dioxide tensions normally present in arterial blood. 

There is, of course, no doubt that the sinus nerve carries impulses 
from chemoreceptors and it is probable that these were responsible 
for the electrical activities studied in these experiments, but there is no 
actual evidence in any of the published reports to prove that to be the 
ease. In the animal used (the cat) the carotid body lies in the bifurea- 
tion of the carotid, imbedded in the fibers from the carotid sinus, not 
anatomically separated as in the dog. The latter animal has been tried 
by several groups of workers, to the personal knowledge of the reviewers, 
and none have been able to duplicate the above observations although 
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the anatomical situation is more favorable for such an experiment than 
in the cat. While this probably means only that the impulses from the 
chemoreceptors are smaller in the dog than in the cat, it may at least be 
pointed out that in the cat there are quite direct communications 
between the sinus nerve system and the superior cervical sympathetic 
ganglion, and that nerve impulses in the (thoracic) sympathetic are 
known to be increased by asphyxia, decreased by overventilation and 
increase in blood flow (12). The possibility that electrical disturbances 
picked up in the sinus nerve may have originated in some part of the 
sympathetic nervous system appears not to have been considered, 
though it seems only reasonable that if such studies are to be used to 
elucidate chemoreceptor activity it is incumbent on those who so use 
them to start by proving beyond reasonable doubt that the activity 
studied arose from the chemoreceptors and could not have originated 
anywhere else. 

A compromise viewpoint, which appears to be in accord with existing 
evidence on this subject, is as follows: Different chemoreceptors have 
widely different sensitivities to the stimuli furnished by the blood; a 
small proportion are so sensitive that they are continually active under 
any circumstances compatible with life, but the great majority only 
become active when the stimulus level is increased. As this occurs, 
those already active become more so and more and more new ones also 
begin to discharge impulses; a certain quantum of increased reflex 
activity is needed to elicit a measurable increase in effector response, 
and this corresponds with the measured thresholds. Once the stimulus 
level has risen to the point of involving the mass of receptors, a further 
increase in the stimulus produces a greater response than a similar 
increase had elicited previously because more receptors are now involved 
in each increment; in addition, if the stimulus was anoxemia, the shape 
of the dissociation curve of oxyhemoglobin shows that the drop in 
oxygen pressure becomes much sharper per unit diminution in the 
percentage of oxygen in the blood (fig. 1). It is probable that the 
number of receptors that are continually active under resting conditions 
is relatively small and their physiological importance slight. The 
important point is the amount of increase in the stimulus level by which 
enough increase in chemoreceptor activity is produced to elicit a distinct 
physiological response. This conception of the activity of the carotid 
chemoreflex system is in accord with the description of the “chemical 
potentials’ (63, 29), with the above-cited evidence indicating tonic 
activity, and with available information on the subject of thresholds of 
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sensitivity. Whether different receptors respond to different stimuli 
or all to the same ones (see 77, 29) remains unknown. The same may 
be said about different receptors being involved in the respiratory and 
vasomotor reflexes (see 31, 25). The identity of the chemical stimulus 
will be considered later (p. 154). 

IV. SPECIAL FEATURES OF CHEMORECEPTOR REFLEXES TO THE CIR- 
CULATION. As pointed out above (p. 118) the vasomotor and cardio- 
inhibitory centers are affected in the same direction as the respiratory 
by changes in chemoreceptor activity. This was first shown by Hey- 
mans and his associates (see 47), and has been confirmed by a number of 
workers (see 32). The effective stimuli for the vasomotor reflexes 
from the carotid body have been shown to be the same as those con- 
cerned in the respiratory: anoxemia, CO, excess, and acid excess cause 
reflex hypertension, as do cyanide, lobeline, nicotine, sulfide, ete. (see 
47). As for the sensitivity of the chemoreflex mechanism acting on the 
vasomotor center, the experiments of Bernthal (4) indicate it to be 
equal to that pertaining to respiration. This interpretation assumes 
that in his experiments the indicator of a response of the respiratory 
center (increased rate or depth of breathing) was as sensitive as that 
used to measure a response of the vasomotor center (decreased flow of 
blood through a fore-limb perfused at constant pressure); the propriety 
of this assumption may be questioned. However, these studies indicate 
that the sensitivities of the vasomotor and respiratory reflexes to the 
stimuli tested (anoxemia, hypercarbia, cyanide, carbonate, bicarbonate, 
lactic acid) are of the same order of magnitude. The strength of the 
stimulus required to produce a significant activation of the vasomotor 
reflex system in the intact animal, according to Gellhorn and his co- 
workers (see 32) is in the neighborhood of 7 per cent oxygen in the 
inspired air (without artificial respiration). Comparison with the 
18 per cent oxygen percentage at which hyperpnea appears (see p. 121) 
suggests that to produce a physiologically important activation of the 
vasomotor reflex in the intact organism, a much greater stimulus is 
required than is true for the respiratory reflex. This assumes that 
direct comparison of experiments on anesthetized animals with those 
obtained on unanesthetized man is justifiable, which is open to serious 
question. Further information is desirable, but since the circulatory 
effects of anoxemia are less consistent than the respiratory, it may be 
difficult to obtain. 

Concerning the significance to the organism of these vasomotor re- 
flexes, the situation is quite analogous to that encountered in discussing 
the respiratory effects (p. 118). By denervation of the chemoreceptors 
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it has been shown that the direct effect of anoxia on the circulatory 
apparatus, like that on the respiratory, is a depressant one (71, 64, 25, 
75, 11, 32, 15): acute anoxemia causes pure depression of circulation as 
well as respiration in the denervated animal, while the circulatory effects 
of COz inhalation (like the respiratory) are not significantly altered 
(unless they are increased because of removal of the pressoreceptor 
influence). Gellhorn and Lambert (32) have demonstrated that the 
hypertensive effects of COz, and anoxia are synergistic, probably because 
the former stimulates the vasomotor center strongly (and the chemo- 
receptors weakly), while the latter stimulates the chemoreceptors 
strongly and depresses the center. As an additional factor, we suggest 
that the marked dilator effect which CO, has been shown to exert upon 
intracranial blood vessels may, by improving the circulation through 
the medullary tissues, increase the resistance of the vasomotor center 
to the disorganizing influence of reduction in the oxygen pressure in the 
blood; this would be especially important if reflex hyperpnea occurred, 
for without CO, in the inspired air the tension of that gas in the blood 
would then be lowered and the intracranial vessels would probably 
constrict because, as far as is known, the influence of CO, upon them is 
stronger than that of anoxia (69, 65). 

Comroe (15) has recently suggested that part or all of the reflex 
described by MacDowall (55) may be due to impulses from the aortic 
bodies to the vasomotor center, and not, as was previously supposed, 
to impulses from pressoreceptors in the great veins. Apart from this 
feature—which implies that reflexes aroused in the aortic body by 
anoxia (or other stimulant in unusual strength) maintain the activity 
of the vasomotor center in a manner comparable with the support of 
the respiratory center provided by carotid body reflexes when the latter 
center is profoundly depressed (56, 16)—there is no evidence that these 
reflexes are essential to the normal control of blood pressure though 
they are responsible for all of the hypertension of anoxia. As Gellhorn 
and Lambert (32) point out, the circulation is influenced primarily and 
most powerfully by impulses from the pressoreceptors, while the re- 
spiratory center is influenced predominantly by impulses from the 
chemoreceptors. The bradycardia aroused in the carotid bodies by 
chemical excitants appears to be elicited only by stronger stimuli than 
those which suffice for a minimal respiratory response, but this aspect 
of the subject has not been investigated systematically. 


V. PARTITION OF THE TOTAL EFFECT BETWEEN THE CAROTID AND AORTIC RE- 
cEpTors. This question can properly be considered in conjunction with the cir- 
culatory effects because it is in that connection that attention has been attracted 











146 CARL F. SCHMIDT AND JULIUS H. COMROE, JR. 


to it. The original experiments of Heymans and Heymans (49) were such as to 
preclude any study of vasomotor reflexes from the aortic region because they 
were carried out on animals whose spinal cords were transected in the cervical 
region. Consequently the possibility of vasomotor reflexes of the same nature 
as the observed respiratory effects did not arise. The carotid reflex system 
proved so amenable to experimentation that the aortic region was neglected by all 
(except the anatomists) until the recent studies of Comroe (15). He found that, 
although there were wide individual variations, in dogs there was a definite 
tendency for the carotid chemoreceptors to produce the larger part of the total 
hyperpnea of anoxemia, cyanide or lobeline, and for the aortic receptors to 
account for most of the concomitant hypertension. In cats the individual varia- 
tions were even wider than in dogs, but the carotid receptors of the average cat 
tended to be more important to the vasomotor response than was the case in the 
average dog. Additional reasons for believing that the aortic chemoreceptors 
are the major factor in the vasomotor response of the dog to anoxia were, first, 
that denervation of the carotids did not diminish, but actually increased the total 
effect, and second, that injections of cyanide (or lobeline) into the aorta in the 
region of the artery supplying the aortic body caused an immediate, strong 
hypertension (and hyperpnea), while similar injections into the carotids usually 
caused no hypertension (though strong hyperpnea) as long as the vagi were 
intact. 

Heymans and Bouckaert (45) and Gellhorn and Lambert (32) both point out 
that the above comparison is misleading because the stronger hyperpnea elicited 
from the carotid chemoreceptors must necessarily lower the arterial CO, tension 
more and thus diminish the chemical stimulus acting on the vasomotor center to a 
greater extent than is the case with the aortic reflexes. They support this belief 
by experiments which show that carotid body reflexes to the vasomotor center 
are distinctly enhanced by artificial respiration (curara was also used in Heymans’ 
experiments). While this objection is undoubtedly valid if the point at issue is 
the intensity to which the carotid vasomotor reflex can attain, it does not modify 
the conclusion that, in the intact dog, the hypertension of anoxemia or cyanide 
is due much more to aortic than to carotid reflexes. In the great majority of 
Comroe’s experiments hypertension was produced by anoxemia or cyanide before 
section or blocking of the vagodepressor nerves, while afterward the hypertension 
was greatly diminished or totally lacking although the hyperpnea was certainly 
no greater than before. He also found that the hypertension produced by intra- 
aortic injection of cyanide (or lobeline) tended to be greater when the respiratory 
response was very vigorous than when it was not, which indicates that the vaso- 
motor stimulant effects from the aortic chemoreceptors are not abolished by the 
lowering of the CO, tension of the blood so produced. Thus it seems clear that, 
in the average dog, the vasomotor stimulant reflexes aroused in the carotid 
chemoreceptors by anoxia are too weak to produce a significant rise in blood- 
pressure in the face of the reduced CO, tension consequent on the reflex hyperpnea, 
the bradycardia arising in the carotid chemoreceptors, the cardioinhibitory and 
vasodilator reflexes brought into action by the carotid and aortic pressoreceptors, 
and the depression of the heart and vasomotor centers produced by systemic 
anoxia; artificial respiration and vagotomy remove enough of these opposing 
influences to permit the vasomotor stimulation to become evident. But since 
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no such favoritism need be shown to the aortic chemoreceptors to permit their 
capacities in this direction to be manifested, they evidently exert a much stronger 
influence on the vasomotor center in the average intact dog than the carotid 
reflexes do. The actual importance of this conclusion is probably not great 
because, in view of the individual and species variations encountered by Comroe, 
generalizations are unjustified. 

Data concerning the thresholds of the aortic bodies are entirely lacking. 

Brief mention may be made here of a number of observations, made in this 
laboratory (doubtless duplicated in others in which experiments are made along 
these lines), which indicate that the carotid bodies may sometimes give rise 
to extremely marked disturbances in the central nervous system, one of the out- 
standing manifestations of which is a great rise in blood pressure. One of these 
observations—made on a decerebrate cat—is already on record (64), but the 
others are not. The course of events in all of them is about as follows: during 
perfusion of both carotid bodies a strong stimulus is applied to them (anoxemia, 
lowered pH, cyanide, lobeline, or—in the decerebrate cat—asphyxia consequent 
on stopping the perfusion pump). The usual immediate hyperpnea begins, but 
instead of striking a fixed level or diminishing, it steadily becomes more intense. 
After a brief period (about a minute as a rule) generalized muscular activity 
begins, micturition and defecation may occur, and occasionally violent convulsive 
movements appear. During this phase breathing is very violent and there is a 
very marked hypertension. The animal sometimes does not quiet down after a 
disturbance like this until more of the anesthetic is given, and we suspect that it 
is a phenomenon of very light narcosis (borne out by its occurrence in the decere- 
brate cat). Perhaps it is related to the convulsions produced in unanesthetized 
animals by cyanide (see 56b). 

The reason for mentioning these results at this time is to raise the question of 
interpretation of an unusually marked hypertension following exposure of the 
carotid chemoreceptors to a strong chemical excitant. The hypertension now 
under discussion is undoubtedly of vasomotor origin, but it may be argued that a 
response like this is of a character very different from the usual prompt chemo- 
receptor effect; one may be dealing here with an excitation strong enough to 
produce a generalized motor response in the central nervous system, in which 
the vasomotor center simply participates incidentally, as would be the case in the 
convulsions produced by strychnine or tetanus. Curarization would of course 
suppress all the muscular phenomena while leaving the vasomotor response. 
At present we have no explanation to offer for the occurrence of reactions like this, 
but they undoubtedly point to a far-reaching and powerful distribution of effects 
from the chemoreceptors, at least in some animals and under some circumstances. 
They also introduce a complicating factor in the interpretation of experimental 
results. 

VI. PHarmaco.ocy. The first demonstration that chemoreceptor reflexes 
may be prominently concerned in drug actions was that by J. F. and C. Heymans 
(49), who showed that nicotine can stimulate the respiration of the dog by way of 
reflexes arising in the aorta. C. Heymans and his collaborators (see 47) sub- 
sequently showed that nicotine can produce even more striking effects in dogs 
through the carotid chemoreceptors, and added observations to indicate that 
lobeline, sodium sulfide, and potassium cyanide act similarly. All of these drugs 
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were shown to stimulate the chemoreceptors, whose sensitivity to them was much 
greater than that of the centers. The same conclusion was reached by Heymans 
et al. with regard to the action of nitrites, by Zunz and Tremonti (89) with regard 
to sparteine, and by Dautrebande (17) with respect to hordenine. These con- 
clusions were confirmed with respect to cyanide in numerous experiments in 
Gesell’s laboratory (see 36), and by Euler and Liljestrand (27), and for nicotine, 
lobeline, cyanide, and sparteine by Wright (85). A large number of other sub- 
stances have since been reported to be capable of stimulating the chemoreceptors, 
such as trimethylamine (57), KCl (25, 80, 81), anabasine, coniine, and cytisine 
(2), acetaldehyde (42), and a long list of compounds chemically and pharma- 
cologically related to choline. The latter deserve special attention. 

The first observations of this sort were those of Dautrebande and Marechal (19), 
who found that carbaminoy] choline was a strong stimulant to the carotid chemo- 
receptors—an observation that was subsequently confirmed by Philippot (62) 
and Comroe and Schmidt (16). Acetyl choline was also found effective by Hey- 
mans, Bouckaert, Farber, and Hsu (48), and this has been confirmed by Philippot 
(62), Schweitzer and Wright (70), Winder (80), Euler (25), and Comroe and 
Schmidt (16). Philippot (62) tested a large number of derivatives of this sort, 
including choline and the above and other esters of that base, representatives of 
the groups of a, 8, and y methylcholine, and esters and ethers of §-ethyl, 8- 
propyl, and 8-butyl choline. His results indicated that ability to stimulate the 
chemoreceptors runs closely parallel to ‘‘nicotinic’’ properties, and was therefore 
strong in choline and its derivatives and weak or absent in the 8-methyl choline 
series. This was substantiated by Comroe and Schmidt (16), who found addi- 
tional support for the above generalization in the fact that the choline compounds 
were effective after atropine—an observation that was also made by Wright (70) 
and was confirmed by Winder (80). There are, however, some discordant results 
in the literature: DeWispelaere (82) reports stimulation of the receptors by the 
acetyl ester and ethy] ether of 8-methy! choline, which Philippot (62) and Comroe 
and Schmidt (16) found ineffective, and Farber (30) obtained positive results 
with the carbamic ester of 8-methyl choline, which Philippot found ineffective. 
It is possible that these discrepancies are due to differences in dosage, for in large 
amounts these substances can affect respiration indirectly through their circula- 
tory actions, even after atropine (72). Other observations were absence of 
reflex stimulant effect from pilocarpine but presence from a ‘‘muscarine’’ of 
uncertain identity (80). Schweitzer and Wright (70) concluded that prostigmine 
stimulates breathing through this reflex system, but the phenomena described 
by them appear to be too complicated to warrant categorical statements. They 
point out that the respiratory effects of acetylcholine are triphasic: an immediate 
strong stimulant response (retained after atropine but apt to be lost after de- 
nervation of the chemoreceptors), a secondary depression or inhibition of breath- 
ing (coinciding with the fall in blood pressure and therefore lacking after atropine) 
and a delayed stimulant effect. The experience of the reviewers with dogs has 
been very similar, and it seems fair to conclude that the chemoreceptor component 
of the action of acetyl choline in the intact animal is limited to the immediate 
hyperpnea following intravascular injection of large doses; perhaps the chemo- 
receptors contribute to the abrupt bradycardia that is also produced. 

In the present state of our knowledge it is impossible to fit these various drug 
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actions with a common denominator, although the coincidence of reflex stimulant 
capacity with “‘nicotinic’’ properties is suggestive as pointed out by Mercier et al. 
(57), Philippot (62), Anitschkov (2), and Comroe and Schmidt (16). The per- 
sistence of these reflex effects after atropine is in accord with the view that the 
action is “‘nicotinic.’’ Euler, Liljestrand, and Zottermann (29) point out that a 
discharge in the sinus nerve is brought about by agents which also cause a dis- 
charge of postganglionic impulses from a sympathetic ganglion, viz. nicotine, 
lobeline, acetyl choline, and potassium. They found that the discharge in the 
sinus nerve produced by nicotine and lobeline was not diminished by intravenous 
injection of ammonia while that produced by anoxemia, hypercarbia, or cyanide 
was reduced or abolished, which leads them to suggest that the former agents act 
centrally to the point of action of the latter, possibly on ganglion cells inter- 
calated in the pathway of the impulses from the chemoreceptors (see p. 143). 

Many of these substances are stated to have been capable of stimulating the 
respiratory center directly, but for this larger doses (usually much larger) were 
needed than was the case with the reflex excitation. Potassium is perhaps an 
exception, for Euler (25) found only depression of the respiratory center by it; 
Winder (81), however, states that the respiratory depression so produced bears 
signs of a stimulant process. The nicotinic compounds are, of course, capable of 
producing their characteristic ganglionic effects apart from the chemoreceptors. 

In view of the current interest in acetyl choline and potassium as intermediaries 
in physiological excitations, it is important to note that existing evidence gives 
little reason to ascribe an important réle of that nature to them here. The doses 
of acetyl choline required to elicit definite carotid body excitation are of the order 
of 0.1 mgm. intravenously (Wright) or 2 to 5 ugm. by direct injection via external 
carotid (Euler) in the cat, 0.1 mgm. by intracarotid injection in the dog (Hey- 
mans et al.). Winder (80) states that 1 ugm. of acetyl choline caused a barely 
perceptible stimulation of breathing when injected into a carotid whose circula- 
tion was restricted to the lingual branch, but that dosage seems large for this 
agent under the circumstances; injected into a femoral artery of a dog, it would 
produce distinct vasodilatation in that leg, although it would certainly be diluted 
more than in this case. As for potassium, Euler’s (25) results show that if the 
stimulant dose is exceeded, or is repeated frequently, depression or paralysis of 
the chemoreceptors occurs, as tested by the response to acetyl choline, and Winder 
(81) reports the same thing with respect to the cyanide response. Since (accord- 
ing to Euler and Winder) the very resistant pressoreceptors behave similarly in 
this respect, it seems probable that we are dealing here with a disorganization of 
function—a non-selective type of action—rather than a specific stimulation, 
though the distinction is, of course, an arbitrary one. 


VII. THE EXPLANATION OF CHEMORECEPTOR ACTIVITY. ‘lwo differ- 
ent conceptions have been advanced in this connection. Comroe and 
Schmidt (16) pointed out that a suggestion made by Koch (54), namely, 
that the pressoreceptor fields are localized in regions which are adult 
representations of the branchial arch arterial system of the embryo, 
together with Boyd’s (10) conclusion that the carotid and aortic bodies 
arise in large part from the mesoderm of the latter system, could be 
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made into a reasonable hypothesis to account for the location of these 
chemoreceptors, as well as for their resistance to adverse circumstances 
such as anoxia, acid-excess, and marked increases in COs, tension. 
Further development of this theme (Schmidt, 65) included the sugges- 
tion that the strong stimulant effects of anoxia on these structures, 
coupled with the relatively weak effects of changes in CO, tension, might 
represent the survival, in the air-breathing adult, of an organization of 
utmost significance to the water-breathing forebear (typified by the 
embryonic branchial artery system): a reflex system having the char- 
acteristics of the mammalian carotid body and located in the gills, 
where direct contact with the environment takes place, can be envisaged 
as being of utmost importance to the water-breathing animal, though 
not so to the air-breathing one. Marshall and Rosenfeld (56a) had 
previously come to the same conclusion in their analysis of the circum- 
stances responsible for respiratory depression or failure from oxygen 
inhalation. Boyd (10) states that there is no evidence to indicate that 
a chemoreceptor system exists in the gills of fishes. However, it appears 
(verbal communications from L. Irving and A. Krogh) that the respira- 
tory movements of fishes are more responsive to changes in oxygen 
tension of the surrounding medium than to changes in COs, tension. 
The correspondence of this with the known properties of mammalian 
chemoreceptors, and the contrast with those of the mammalian respira- 
tory center, are suggestive. Comroe and Schmidt therefore postulated 
that “the reflex receptors seem to be specialized to respond to changes 
in the oxygen tension rather than the CO: tension of the blood, while 
the cells of the center are specialized to respond to the latter rather than 
the former.”’ 

Gesell and his collaborators have taken the very different viewpoint 
that the chemoreceptors are “‘parts of the chemosensory mechanism 
located outside the medulla’? (Winder, 77), and have sought in various 
ways to obtain evidence that the conception developed by Gesell (35), 
to account for the chemical control of the respiratory center, by the 
acidity existing within its cells, is equally applicable to the chemo- 
receptors. This evidence is summarized in a recent review by Gesell 
(36) as follows: 

“Conforming with the postulated réle of metabolism, a local rise of 
temperature of the carotid body designed to augment the metabolic 
production of acid (carbonic and lactic) increases pulmonary ventilation 
and contricts the blood vessels (Bernthal and Weeks, 5). Conversely, a 
blockage of the nutrient artery designed to hamper the transport of 
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oxygen to and acid from the carotid body stimulates breathing and 
vasoconstriction (Winder, Bernthal, and Weeks, 78). Anoxemia and 
cyanidemia which are known to cause an accumulation of lactic acid 
produce the same effects through the chemoreceptors (Heymans et al, 
47; numerous others are also cited). Direct experiments indicate that 
such an accumulation of acids resulting from glycolysis is an essential 
step in the production of anoxic hyperpnea for when anaerobic glycolysis 
is prevented by localized poisoning with mono-iodoacetic acid increased 
breathing is missing (from anoxia) though hyperpnea is still produced 
by localized hypercapnia (Winder, 77).”’ 

Now it is very probable that changes in acidity per se play a large 
part in the regulation of chemoreceptor activity, but the evidence cited 
by Gesell in that connection is by no means compelling. The work of 
Bernthal and Weeks (5) has already been mentioned, but no attempt was 
made there to point out a serious objection to the conclusion drawn from 
it by Gesell. These workers apparently overlooked the marked shifts 
in the hydrion concentration of the blood of the dog which Stadie, 
Austin, and Robinson (74) demonstrated when the temperature of the 
blood was altered under conditions such that gas could not enter or leave 
it; a change in temperature from 40 to 20°C. produced a rise in serum 
pH amounting to nearly 0.4 (fig. 2 of the paper of Stadie et al.). Since 
the temperature range studied by Bernthal and Weeks was even wider 
than this (from 43° to 16° in the examples shown) there may have been 
shifts in pH of sufficient magnitude to explain all of the observed effects, 
for changes in pH of the order of 0.4 are sufficient to produce very strong 
reflex effects in reactive preparations (66). 

The experiments of Winder, Bernthal, and Weeks (78) were made on 
dogs in which all vascular branches of the carotid system were tied except 
one external carotid; occlusion of this must then produce complete 
ischemia of the carotid body, and when that occurred hyperpnea 
gradually developed, to disappear instantly when blood was readmitted. 
Observations analogous to these were made by Schmidt (64), who, in 
some experiments, found that hyperpnea developed gradually when 
carotid perfusion pressure was reduced from a low level to zero; in one 
experiment on a decerebrate cat the stimulant response was so violent 
that generalized convulsions ensued, and they ceased immediately when 
the perfusion was reinstated. In view of what has subsequently tran- 
spired, reactions such as this must have been due to increased chemo- 
receptor activity (as was indeed pointed out by Samaan and Stella, 63). 
However, there is nothing in any of these experiments to indicate the 
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nature of the exciting agent. The inference is that it was a product of 
metabolism but there is no clue as to its identity in observations like 
these. One cannot even be sure that it originated in the chemo- 
receptors: it may have arisen in adjacent tissues, or it may even have 
entered the receptors from the venous side when the arterial pressure 
was lowered to zero. From the account of the experiments of Winder 
et al. it is not clear whether this was obviated: there was an occipital 
artery—axillary vein anastomosis in two of the three experiments cited, 
and in the third a vein running with the sinus nerve was intentionally 
left open. The point has some importance because if the chemo- 
receptors have a high enough metabolism to produce their own stimulant 
as quickly as this, one has difficulty in understanding their great resist- 
ance to depression by anoxia. 

The cited evidence obtained from anoxemia and from cyanide injec- 
tions has not revealed anything that bears directly on the mode of action 
of these agents on the chemoreceptors. Production of acid within 
nerve cells exposed to anoxia is assumed to occur; though Ingraham and 
Gellhorn (51) have recently reported that the pH of brain tissue is not 
lowered but raised by anoxemia, nothing has yet been learned about the 
chemoreceptors. 

The experiments which had most direct bearing on this question are 
those of Winder (77), who found that mono-iodoacetic acid, perfused in 
proper concentration through the carotid bodies of dogs, in favorable 
experiments caused abolition of the response to anoxemia while that to 
hypercarbia was retained. This was taken to mean that since glycolysis 
and lactic acid formation are known to be suppressed by this poison in 
other tissues, the loss of the anoxemic response points to involvement of 
glycolysis and acid formation as “probably an actual link in setting up 
the local excitation by anoxia.’’ Winder himself points out one reason 
why such a conclusion is scarcely justified, namely, the probable presence 
of considerable edema in the perfused carotid bodies as a result of the 
poisoning. The CO, used to equilibrate the blood for the test of hyper- 
capnia was 35 per cent, and the corresponding tension in that blood (at 
760 mm. atmospheric pressure) would be 266 mm. With that pressure 
behind it, diffusion of some of the gas might well occur through edema 
fluid into the chemoreceptors, and if they were not too severely poisoned 
they would respond, whereas the edema fluid would be expected to 
furnish a source of oxygen that might well suffice for the chemoreceptors 
for a considerable time in the face of perfusion with anoxic blood. These 
experiments may add to existing evidence indicating that CO, diffuses 
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more readily than oxygen in living systems, but they do not justify 
conclusions with regard to the intervention of local acid production 
in the excitation of chemoreceptors by anoxia. 

The evidence presented by Gesell in support of this conception is 
therefore far from convincing. Recently Euler, Liljestrand and Zotter- 
mann (29) have reported results which support Gesell’s belief, at least 
in part. Studying action potentials in the sinus nerve of the cat, they 
have found that the electrical changes elicited by anoxemia, hyper- 
carbia, or cyanide are completely abolished by intravenous injections of 
ammonia, whereas those set up by lobeline or nicotine are not affected. 
They conclude that the former agents act by a common factor, most 
probably by increased acidity within the reacting cells, while the latter 
must have a different point of attack, which may be ganglion cells in 
the carotid body. 

An additional reason for believing that the hydrogen ion may be a 
very important factor in regulating chemoreceptor activity is an observa- 
tion made by Heymans, Bouckaert, and Dautrebande (46). They 
showed that when the fluid perfusing the carotid bodies was excessively 
alkaline changes in CO, content, markedly effective at more normal 
pH, were without any effect. They gave an example of a shift from 
76 to 16 vols. per cent CO, in Ringer’s fluid (at pH 8 and pH 7.9 re- 
spectively) without any result at all, whereas much smaller changes 
were effective at pH 7.4 (see p. 126). As far as we know, this observa- 
tion has not been confirmed. We have attempted to do so with solutions 
buffered with phosphates (to permit control of pH independently of 
CO, tension) but were frustrated by precipitation of calcium when the 
solution was more alkaline than pH 7.6. In the experiments (66) in 
which the activity of the chemoreceptors was altered by changing the 
temperature of the perfusing fluid, the pH was the only known chemical 
factor that could have been responsible for the activity, and it is quite 
probable that some receptors are continually activated by the hydrion 
concentration normally present in arterial blood. The unexpectedly 
low threshold (pH 0.1) which our recent experiments have shown the 
chemoreceptors to possess to changes in this stimulus, together with its 
great effectiveness as a stimulant to them, have given us added respect 
for it as a factor in chemoreceptor control. It is desirable to know 
whether the receptors are consistently inactivated by diminution in the 
acidity of their environment. Further experiments along these lines are 
now in progress. 

When it comes to choice between these two conceptions of chemo- 
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receptor activity, the reviewers wish to point out that since only a little 
is known about the identity of the activating and transport systems 
involved in the energy-yielding reactions within the nerve cell, and 
nothing at all about the corresponding systems in the chemoreceptor, 
it is quite impossible to decide whether the two are sufficiently similar to 
warrant the belief that biochemical processes demonstrated in one can 
be used to elucidate the other. It seems to us, however, that the 
chances of a negative answer to that question are considerably better 
than those of an affirmative, for the chemoreceptors are quite different 
from the nerve cell in embryologic derivation and functional char- 
acteristics. The fact that the receptors show only strong stimulation 
when exposed to anoxia of a grade that would depress or paralyze the 
nerve cell shows that the former either have a much lower metabolic 
requirement than the latter, or can obtain energy by routes that are not 
available to the nerve cell. In either event the intracellular oxidative 
systems are likely to be quite dissimilar in the two structures. On the 
other hand, as noted above, the importance of the hydrion factor now 
looms much larger than it did two years ago (65). At present we believe 
it best to hold simply that the activity of the receptors can be altered 
by a variety of chemical agents, including all of the usual products of 
tissue metabolism, and that the same end-result can probably be 
accomplished by intracellular phenomena of diverse nature. We now 
have no good reason to believe that all of the drugs which stimulate the 
chemoreceptors do so either by reducing oxidations within them, as was 
suggested by Schmidt (65), or by intracellular acid formation, as 
implied (though not stated) in the conception of Gesell. 

VIII. Misce,itangovus. An internal secretion by the carotid body 
has been sought repeatedly, most recently by deBettencourt, Cardoso, 
and deVasconcellos (21), who cite the pertinent literature. None of 
these attempts has revealed the presence of a specific, potent agent of 
physiological importance. 

Evidence that chemoreceptor reflexes may have a far-reaching 
influence throughout the central nervous axis was presented by Kaufman 
(53), who showed that stimulation of the carotid body by cyanide or 
sulfide at times reduced the response of the tibialis anticus to reflex 
electrical stimulation applied to the central end of the posterior tibial 
nerve; at other times increases were observed. Perhaps this is another 
manifestation of the relation alluded to above (p. 147) in connection 
with the occasional occurrence of convulsions as a result of strong 
carotid body excitation. 
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